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ABSTRACT

Protonic ceramic conductors are the key component in a wide range of protonic
ceramic electrochemical devices. Such as protonic ceramic fuel cells, electrolysers,
sensors, and hydrogen pumps. The widely studied protonic ceramic conductors are
perovskite-structure oxides with high proton conductivity and chemical stability at high
temperatures. However, the performance of perovskite-based protonic ceramic
conductors dropped rapidly at low temperatures due to the blocking effect of grain
boundary. Different from the blocking effect in perovskite membranes, the interface
works as an alternative pathway for proton transport in nanostructured simple oxide
systems, relying on the chemisorbed and physiosorbed water on the interface. This
phenomenon provides a new strategy to design a new type of protonic ceramic
conductors through interfacial engineering at the nanoscale on perovskite-based protonic
ceramic conductors. This designed membrane demonstrated a combined “interfacial
effect” and “bulk effect” for proton transport. This dissertation is focused on the role of
interface for proton transport, including solid-solid, solid-liquid interface and phase
boundaries in protonic ceramic fuel cells.
In Chapter 3, the role of interface for proton transport on perovskite-based
protonic ceramic conductors was studied by using BaZr0.8Y0.2O3-δ as an example. The
blocking effect of grain boundary was revealed by the conductivity measurements under
different atmospheres. A new strategy based on the anions doping on oxygen lattice was
performed to improve both the bulk and grain boundary properties for proton transport.
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In Chapter 4, the role of interface for proton transport in simple oxide-based
protonic ceramic conductors was studied by using nanostructured TiO2 as an example.
Comparing to perovskite-based protonic ceramic membranes, proton transport in the
interface of simple oxide membranes showed higher proton concentration, and higher
proton mobility which indicates a higher proton conductivity at low temperatures. This
study showed the interface can be used as a new pathway for proton transport at low
temperatures in contrast to conventional wisdom of interfacial blocking effect observed
in high temperature ionic conductors.
In Chapter 5, nanocrystalline perovskite membranes were developed by creating
more interface areas, in which proton transport not only through the bulk materials, but
also in the absorbed water layers at the interface. The enhanced proton transport
properties, like the proton concertation, proton mobility, and proton conductivity were
achieved in nanocrystalline BCZYYb, indicating a combined “interfacial effect” and
“bulk effect” for proton transport at low temperatures. This improvement showed a new
promising solution for the development of advanced ionic conductors.
In Chapter 6, high performance protonic ceramic fuel cells were developed based
on the strategies mentioned above, including anions doping, interface engineering at the
nanoscale. In addition, phase boundary (anode/electrolyte) in protonic ceramic fuel cells
was designed by a one-step phase inversion method. Comparing to the conventional one,
the power density of protonic ceramic fuel cells with designed anode microstructure
nearly doubled at 600 °C, indicating the time and energy-saving process developed in this
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study showed great promise for the fabrication of high performance protonic ceramic fuel
cells.
In summary, the interface in protonic ceramic conductors plays an important role
on proton conduction, including water absorption ability, proton mobility, proton
conductivity, hydrogen isotope exchange coefficients, and the proton transport
mechanism. A better design of materials’ interface, either in the solid-solid interface and
solid-liquid interface could dramatically increase the performance of protonic ceramic
conductors and protonic ceramic fuel cells.
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CHAPTER ONE
INTRODUCTION

The proposed research is aimed to developing high performance protonic ceramic
conductors at low temperatures through interfacial engineering. To achieve this objective,
systematically investigated the role of interface for proton transport in both simple oxide
and perovskite-based membranes. A new characterization technique, in-situ Raman
spectroscopy was presented to characterize the proton mobility in materials’ interface.
Finally, high performance protonic ceramic fuel cells were demonstrated based on the
developed protonic ceramic conductors and optimized electrode/electrolyte interface by a
one-step phase inversion method.
An interface can be defined as the surface forming a common boundary, either as
solid-liquid and solid-gas interfaces or internally in solid materials, like grain boundaries
and phase boundaries. In fast ionic conductors, for perovskite materials system as an
example, grain boundaries are often the slowest part for ionic transport. This originates
from the core having surplus of net positive charge (probably from an excess of net anion
vacancies), resulting in a negative space charge layer with a depletion of positive charge
carriers (protons, oxygen vacancies, electron holes)1,2. If we could manipulate or control
the core layer in grain boundaries, significant reduction of ionic transport resistance
across the space-charge areas and a big improvement of the ionic transport along grain
boundaries3 could be achieved.
Interfacial protonic conduction is even more significant in nanocrystalline or
nanostructured ceramic membranes. When the grain size of the membrane reaches to the
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nanoscale, the portion of the interface, like the surface and grain boundary will be
dramatically increased. The overall ionic conduction in nanocrystalline membrane is
controlled by carrier concentrations and mobilities in the interface. Various devices based
on the interfacial proton conduction have been developed, like water concentration cells,
operating at room temperatures using Sm-doped CeO2 as the electrolyte4 and hydrogen
sensors5.
However, less is known in nanostructured perovskite membranes at low
temperatures. In nanoscale perovskite membrane, proton can transport either in the
chemisorbed and physiosorbed water layers in the interface or forming protonic defects
through oxygen vacancy in bulk materials. There will be a combined “interfacial effect”
and “bulk effect” for proton transport at low temperatures in nanoscale perovskite-based
membranes.
In addition, extensive efforts have been devoted to improving
electrode/electrolyte interface in protonic ceramic fuel cells (PCFCs). The most useful
strategy is to form composite electrodes by infiltrating ionic conducting materials, mixed
ionic-electronic conductors (MIEC) or catalysts to the electrode backbone6,7. Or through
microstructure design, Jihwan designed a thin film dimension (3-D) SOFC architecture
with a big performance improvement8 and other membrane forming techniques, like the
tape casting9, dry pressing10, and phase inversion11 were also applied to modify the
electrode/electrolyte interface, indicating a better electrode/electrolyte interface design
would benefit for the chemical reactions and gas diffusion in single cells.
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Thus, a better understanding of the interface in solid materials (grain boundaries
and phase boundaries) and solid-liquid interface could help us develop a new generation
of protonic ceramic conductors and decrease the working temperature for protonic
ceramic fuel cells.
1.1 Scientific Objective
The objective of this thesis is to develop high performance protonic ceramic
conductors in both simple oxides and perovskite-based materials through interfacial
engineering. The specific objectives are to:
1. Reveal the blocking effect of grain boundary in high temperature perovskitebased protonic ceramic conductors by using yttrium doped barium zirconium
oxide as an example. In addition, anions doping strategy was proposed to enhance
the performance of BaZrO3-based protonic ceramic conductors.
2. Understand the role of interface for proton transport in nanoscale simple oxide
membranes. In-situ Raman spectroscopy was utilized to quantitively identify the
proton mobility in materials’ interface.
3. Design novel perovskite-based protonic ceramic conductors with a combined
“interfacial effect” and “bulk effect” for proton transport at low temperatures
through interfacial engineering.
4. Apply the designed protonic ceramic conductors, and a new membrane forming
technique one-step phase inversion method for the development of high
performance protonic ceramic fuel cells.
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1.2 Background
Over the past few decades, global temperature has increased more than 1 °C since
pre-industrial times due to the human emission of carbon dioxide and other greenhouse
gases from fossil fuels. Global climate change has already had observable effects on the
environment, like the loss of sea ice, accelerated sea level rise and longer, more intensive
heat waves. Instead, hydrogen as clean energy source has been decades been considered
as a candidate for environment friendly fuel for energy production because the only byproduct is water.
Among the hydrogen technologies, fuel cells can potentially play an important
role in energy conversion and power supply for sustainable development12, which could
be used in a wide range of areas, including transportation, portable and backup power
applications. A fuel cell is an electrochemical cell that converts the chemical energy of a
fuel and oxidizing agent into electricity through electrochemical reactions. Comparing to
the conventional combustion-based technologies, fuel cells have high efficiency of more
than 60% and the electricity can be produced continuously as long as the fuel and oxygen
are supplied.
Depending on the working temperature and electrolyte materials, fuel cells can be
divided into 5 categories: proton exchange membrane fuel cells (PEMFCs), phosphoric
acid fuel cells (PAFCs), molten-carbon fuel cells (MCFCs), solid oxide fuel cells
(SOFCs) and alkaline fuel cells (AFCs), shown on Figure 1.1. Among them, SOFCs have
received significant attentions in the past several decades due to the high efficiency, fuel
flexibility and limited by-products13–17. However, the high working temperatures for
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SOFCs limits the practical applications. Thus, lowering the working temperature for
SOFCs has been one of the most important targets of SOFCs research nowadays.
Strategies like reducing the thickness of electrolyte, using advanced deposition technique,
like the pulsed laser deposition (PLD) or atomic layer deposition (ALD). Or new
electrolyte, and electrode materials development through doping strategies to have
enhanced power output at low temperatures. The most promising way to reduce the
working temperature of SOFCs is using protonic ceramic based electrolyte due to the low
activation energy for proton transport than oxygen ion, making it possible to work at
lower temperatures. So, it is very important to develop novel protonic ceramic conductors
to make this technology better and cheaper.

Figure 1.1. Types of fuel cells and their reaction products.
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1.2.1 Protonic ceramic conductors
1.2.1.1 Perovskite-based materials system
Perovskite-related high temperature protonic ceramic conductors were discovered
by Iwahara18,19, exhibiting a new way for the development of protonic ceramic
electrochemical devices (protonic ceramic fuel cells20, electrolysers21, sensors22, and
pumps23). These ceramics are largely on perovskite-structured oxides with the chemical
formula ABO3. A site cations are located at the corners of the unit cell, B site cations are
located in the center, and oxygen ions sit at face centers. Usually, the A site is occupied
by alkaline earth elements, such Ba, Sr, Ca, while the B site is filled with tetravalent
elements, like the Ce and Zr. By doping the B site with trivalent elements, such as
yttrium, ytterbium, scandium, holmium, and zinc to create more oxygen vacancy which
in turn improves its proton conductivity and transport characteristics.
The formation of protonic defects in perovskites (ABO3) at moderate temperature
is the dissociative absorption of water, which requires the presence of oxygen vacancies,
𝑉𝑂.. . The oxygen vacancy is usually formed extrinsically to compensate for an acceptor
dopant. To form protonic defects, water from the gas phase dissociates into a hydroxide
ion and a proton, the hydroxide ion fills into an oxygen vacancy, and proton forms
covalent bond with an oxygen lattice, which can be expressed as Equation 1.1.
𝐻2 𝑂(𝑔) + 𝑉𝑂.. + 𝑂𝑂𝑋 = 2𝑂𝐻𝑂.

Equation 1.1

The principal features of the proton transport mechanism are rotational diffusion
of the protonic defect and proton transfer toward a neighboring oxide ion, as shown on
Figure 1.2. The reorientation stage is faster and easier than the proton transfer stage with
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activation below 0.1 eV. The proton jump constitutes the rate determine step and the
activation energy of the proton migration is usually about 0.5 eV24.

Figure 1.2. The trace of a proton in a perovskite showing the two principal features of
proton transport: rotational diffusion and proton transfer24 (Modified from K.D. Kreuer,
Proton-Conducting Oxides, Annu. Rev. Mater. Res. 2003. 33:333-359).
Barium zirconate, as well as barium cerate are the most studied perovskite-based
proton ceramic conductors. Doped BaCeO3 shows a higher proton conductivity under
humidified atmospheres. However, it exhibits low chemical stability under CO2 and H2O
due the large Brønsted basicity. Doped BaZrO3 exhibits lower proton conductivity while
maintaining good chemical stability under water and carbon dioxide containing
atmosphere resulting from its shorter and stronger Zr-O bonds (in comparison with Ce-O)
and partially an ideal combination between Zr-O and Ba-O bond distances25. So, BaZrO3BaCeO3 system was developed to have complementary behavior with respect to stability
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and conductivity. With increasing zirconium concertation, there is a natural
transformation of the perovskite structural symmetry26,27, the proton conductivity sharply
decreases28,29, and the absolute value of expansion and the TEC value drops30. Also, with
the increasing zirconium content, the sintering temperature becomes higher, resulting
barium loss and difficult of forming dense and thin layer BaZrO3-based electrolyte.
In order to decrease the sintering temperature of zirconates. One way is to use
small amount of sintering aids or solid-state reaction sintering method, which will be
discussed detailly later. Another strategy is using wet chemical methods, like the sol-gel,
citrate-nitrate combustion methods to obtain nano powders, decreasing the densification
temperatures during membrane formation.
1.2.1.2 Simple oxide materials system
Simple oxides-based proton conducting materials received great interest due to
the high proton conductivity at low temperatures. The novel use of materials’ interface
presented a new idea for proton transport in nanocrystalline yttrium-stabilized zirconia
(YSZ), gadolinium doped ceria (GDC) and titanium dioxide. Kim et al. reported a
concentration cell for power generation at room temperature by using nanoscale fluoritestructured oxides as the electrolytes4. It was found grain boundaries in nanocrystalline
YSZ are highly selective for ion transport, being conductive for proton transport but
resistive for oxygen-ion transport based on the analysis of electrical impedance spectra
obtained from samples with 13 and 100 nm under both wet and dry atmospheres31.
Researchers revealed the proton conductivity strongly depends on the grain size and
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explain the highest conductivity was observed in samples with the smallest grains and
largest specific surface area32,33.
There are two different proton transport mechanisms in absorbed water layers in
nanocrystalline simple oxide membranes, named Grotthuss mechanism and vehicle
mechanism. In Grotthuss mechanism, excess proton diffuses through the hydrogen
network of water molecules and hydroxide ions on the surface; bonds continuously
broken and new ones are formed. In vehicle mechanism, protons are transported as
hydroxide ions, hydroxonium ions, or higher hydrated protons, using water as a vehicle.
The protonic nature of the conduction in humid atmosphere is evidenced by the
presence of a clear isotopic effect when gas saturated with D2O is used, indicating the
Grotthuss mechanism for proton transport32. However, a more recent study suggested that
the protonic transport mechanism in absorbed water layers changed from Grotthuss-type
diffusion at high temperatures and low water content to vehicle transport (H3O+) at low
temperatures and high-water content, based on the disappeared H/D isotope exchange
effect below 50 °C34. Stub et al. revealed a change in transport mechanism from
Grotthuss-type to vehicle transport when the relative humidity exceeds ~60% relative
humidity using H/D isotope effect studies combined with transport number
measurements. Moreover, at high relative humidity, the absorbed water layer is changing
form the “ice-like” to “water-like” structure35.
The proton conductivity behaviors in simple oxides and perovskite materials
under wet atmosphere was summarized in a recently published review paper, as shown on
Figure 1.3. At low temperatures (Zone 1), similar proton transport behaviors in simple
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oxide and perovskite materials, relying on water absorption on materials’ interface, like
the surface and grain boundary. At high temperatures (Zone 3), there is nearly no or less
water absorption on the materials’ interface, proton transport will disappear in simple
oxides. However, proton transport can rely on the protonic defects through oxygen
vacancy in perovskite materials. More interestingly, in an intermediate temperature range
(Zone 2), proton transport in simple oxide can only rely on the absorbed water layers at
the interface. However, in nanocrystalline perovskite-based protonic ceramic conductors,
proton transport not only relies on the absorbed water at the interface, but also relies on
the oxygen vacancy in bulk materials to form protonic defects as described in Equation
1.1 to have a combined “interfacial effect” and “bulk effect” for proton transport.

Figure 1.3. Overview of proton transport in nanocrystalline oxide materials and proposed
proton transport mechanism36 (Modified from K.S. Brinkman, Review: recent progress in
low temperature proton-conducting ceramics. J. Mater Sci. 2019. 54: 9291-9312).
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1.2.2 Protonic ceramic-based applications
1.2.2.1 Protonic ceramic fuel cells (PCFCs)
A protonic ceramic fuel cell (PCFC) is a fuel cell based on ceramic electrolyte
that exhibits high protonic conductivity at elevated temperatures. Comparing to oxygen
ion based solid oxide fuel cells, proton conduction in oxides generally has a lower
activation energy, offering great potential for lower-temperature ceramic fuel cell
operations. Also, the water is produced in the cathode side and therefore does not dilute
the fuel in anode. Iwahara et al. first reported fuel cells using proton-conducting oxides
for power generation in 1990s37. Significant attention has been paid on PCFCs since
researchers found sintering aids, like ZnO, NiO can greatly enhance sintering properties
of protonic ceramics, solving the poor performance and device fabrication challenges38,39.
Nowadays, interests in PCFCs have been turned to decreasing the operating temperatures,
cocking resistance, and inexpensive raw materials20,21,40–42. For example, Duan et al.
demonstrated high performance PCFCs with triple conductor cathode at low temperatures
(455 mW/cm2 at 500 °C)20 and exceptional durability of PCFCs using total of 11
different fuels (hydrogen, methane, natural gas, propane, n-butane, i-butane, iso-octane,
methanol, ethanol and ammonia) at temperatures between 500 and 600 °C were achieved
(less than 1.5% degradation per 1000 hours in most cases)21.
1.2.2.2 Protonic ceramic electrolysis cells (PCECs)
A protonic ceramic electrolysis cell (PCEC) is a PCFC that works in a reverse
mode to produce hydrogen through water splitting. It was first proposed by H. Iwahara by
using SrCeO3-based solid electrolyte, which could be operated stably at 800-1000 °C.

11

But it was limited by the resistance of solid electrolyte19. Recently, high performance
PCECs were developed through reducing electrolyte thickness using pulsed laser
deposition (PLD)43 and electrophoretic deposition (EPD)44 or proposed triple conductor
electrode materials, like the PrBa0.5Sr0.5Co1.5Fe0.5O5+δ41, BaCo0.4Fe0.4Zr0.1Y0.1O3-δ42,
PrBa0.8Ca0.2Co0.2O5+δ45. In addition to the protonic ceramic electrolysis, steam electrolysis
can combine with electrochemical conversion of CO2 to produce syngas46.
1.2.2.3 Other applications
Solid-state proton conductors can be used as electrochemical hydrogen sensor
system for high temperature processes due to the chemical and physical durability at
elevated temperatures. BaCe0.6Zr0.3Y0.1O3-δ and Sr(Ce0.9Zr0.1)0.95Yb0.05O3-δ were selected
as the most promising materials in hydrogen sensors47,48.
A concentration cell was built for power generation at very low temperatures
using nanoscale fluorite-structured oxides as electrolytes. The power output behavior of
the cells is qualitatively similar to the observation in high temperature fuel cells, and the
cell performance can be further optimized by better material design4.
1.2.3 Interfacial protonic conduction
1.2.3.1 Interfacial protonic conduction in perovskite related structures
Barium zirconates are particularly appealing as the electrolyte materials in
protonic ceramic fuel cells due to the high proton conductivity of bulk materials.
However, the grain boundary conductivity is not as high as that of bulk materials. In a
highly dense sample of BaZr0.9Y0.1O3-δ, the grain boundary conductivity is a magnitude
lower than that of the bulk material, and the activation energy is higher than that of the

12

bulk materials showing that the overall conductivity of barium zirconates must be
determined by the grain boundary, especially at low temperatures49.
A grain boundary is the interface between two grains in polycrystalline material,
which is a 2D defect in the crystal structure and tends to decrease the electrical and
thermal conductivity of the materials. One explanation for the decreased grain boundary
conductance in perovskite materials is the structural distortions, leading to a decrease of
protonic mobility and a depletion of proton defects24,50. This was further highlighted by
Shi et al. When the cubic structure changes to the orthorhombic, ZrO6 octahedra rotates,
resulting an increase in the activation energy of proton conduction. So, the barium
zirconate shows higher grain boundary conductivity than the calcium and strontium
zirconates51.

Figure 1.4. “Brick Layer” model of a polycrystalline material. Grains are assumed to be
cube-shaped, and grain boundaries to exist as flat layers between grains52,53.
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Another view is space charge effect on the grain boundary conduction behavior
based may serve as a blocking effect for proton transport. In a highly dense and clean
barium zirconates, it was found the grain boundary conductivity increased three orders
when the Y content increased from 5% to 15%, which cannot be explained by structural
distortion, suggesting the space charge effect in the grain boundary49. The brick layer
model was used to estimate the grain and grain boundary conductivity. In the brick layer
model, grains are assumed to be cube shaped with flat grain boundary layers between
them. The current will follow the grain interiors only passing through the series grain
boundaries as a mean to get them from one grain to another. This will result in two
distinguishable arcs in impedance plot, where the high frequency arc is assigned to the
grain interior and low frequency arc is associate to grain boundary resistance.

Figure 1.5. Schematic grain boundary consisting of a positive core charge compensated
by two adjacent space-charge layers54 (Modified from Truls Norby, Space-chare theory
applied to the gain boundary impedance of proton conducting BaZr0.9Y0.1O3-δ. Solid state
Ionics. 2010. 181(5-7): 268-275.).
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It is proven that ionic charge carrier depletes and accumulates in the vicinity of
the grain boundary core that structurally differs from the bulk. In the space charge effect,
such a depletion or accumulation of charge carriers is attributed to the existence of excess
charge in the grain boundary core, which is inevitably formed due to thermodynamic
differences between the grain boundary core and bulk1,2,55, which has been
experimentally observed, as shown on Figure 1.5.
1.2.3.2 Interfacial protonic conduction in nanostructured materials
In spite of the blocking effect for ionic transport, interface can still be considered
as potential pathways for ionic transport. For example, proton can transport in the
chemisorbed or physiosorbed water layers above the oxide’s surface. The protonic
ceramic conductivity strongly increased as the grain size decreased, and this phenomenon
disappears when the grain size more than 50-80 nm56. The grain size effect was also
demonstrated in a concentration cell. When using nanograined dense doped ceria and
zirconia as electrolyte in a concentration cell, the generated current is nearly three orders
of magnitude higher than that acquired using micrometric membrane4. Also, the surface
proton conductivity increases drastically with the increasing relative humidity35,57,58.
Figure 1.6 qualitatively shows the structure of adsorbed water layers. The
nanograin surface is terminated with hydroxyl groups (-OH), consisting of terminated and
multicoordinated hydroxyls which can be stable up to 800-1000 °C. Followed by
hydrogen bonded water layer which can be stable up to around 200 °C under wet
conditions34. The next layer is physiosorbed water which is determined by the relative
humidity. Hydrogen bonded ice-like network changes to the three-layer structure as the
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relative humidity increases from 0 to 30% and further changes to the water-like structure
when the relative humidity passes 60%, as illustrated in Figure 1.759.

Figure 1.6. Illustration of water structure on the nanoscale simple oxides’ interface

Figure 1.7 Schematic illustrating the structural evolution of water molecules as the
adsorbed layer thickness with relative humidity.

16

1.2.4 Membrane forming technique
1.2.4.1 Phase inversion process
Phase inversion or phase separation is chemical phenomenon to fabricate artificial
membranes with asymmetrical pore structure by removing the solvent from a liquidpolymer solution, leaving a porous, solid membrane. Usually, there are four typical
methods:
a. Immersion precipitation (immersion in a nonsolvent bath)
b. Controlled evaporation (evaporation of the volatile solvent from the polymer
solution)
c. Thermal precipitation (lowering temperature)
d. Precipitation from the vapor phase (placing the cast film in a vapor phase
consisting of nonsolvent)
The first stage involves the reverse dissolution process. A concentration gradient
in the cross section of the polymer solution is formed in this stage due to the
volatilization of the solvent or exchange with the water in the air. The second stage is the
phase separation process. At this stage, polymer solution meets a large amount of nonsolvent, fast exchange occurred due to the high mutual solubility between the solvent and
non-solvent. Or thermodynamic equilibrium of the homogeneous polymer solution was
broken via the varied temperature. It can be divided into the liquid-liquid phase
separation (mainly in amorphous polymer system) and solid-liquid phase separation
(mainly in crystalline polymer system). This stage involves thermodynamic and kinetic
factors, determining the microstructure of the membrane pores. The last stage is the phase
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inversion process. In this stage, solvent and non-solvent continue to exchange,
accompanied by heat and mass transfer. At this time, the phase separation produced in the
second stage will cause the condensation of the membrane pores and the system finally
separated into a polymer lean phase, forming the pore structure and a polymer-rich phase,
forming the membrane backbone.
1.2.4.2 Solid state reaction sintering (SSRS)
SSRS is a membrane forming technique which combines the phase formation,
pellet densification, and grain growth into one high temperature sintering step. By using
several sintering aids, including LiNO360, CuO61, ZnO62, Bi2O363, and NiO64. BZY20 has
been successfully fabricated with acceptable relative density and higher total
conductivity.
A detailed in-situ experimental techniques were used to investigate the
mechanism during SSRS. The pre-addition of the NiO to the precursor aids the forming
of cubic perovskite phase. BaY2NiO5 as the intermediate impure phase formed around
1000 °C as the sintering aids to help the membrane densification at relative low
temperatures (⁓ 1350 °C). Finally, Ba, Y and Ni diffusion into the BZY grains likely
occurs as the BaY2NiO5 is partially decomposed and absorbed into the BZY grains at
temperatures > 1200 °C, compensated by oxygen vacancies65.
The effects of the fabrication process on the grain boundary resistance in BZY
was studied by S. Ricote66, using four different fabrication methods: (1) solid-state
reactive sintering (SSRS), (2) conventional sintering using powder prepared by solidstate reaction and NiO as sintering aid, (3) conventional sintering using powder prepared
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by solid-state reaction followed by high-temperature annealing (HT), and (4) spark
plasma sintering (SPS). They found the grain boundaries of the sample prepared by SSRS
exhibited a resistance of the bulk material, while the other three specimens had more
resistive grain boundaries, highlighting the SSRS is a time and cost sintering method to
fabricate dense ceramic membranes with lower grain boundary resistance.
1.2.4.3 Spark Plasma Sintering (SPS)
Spark plasma sintering (SPS), also known as filed assisted sintering or pulsed
electric current sintering. The main characteristic of SPS is that the pulsed or un-pulsed
DC or AC current directly passes through the graphite die, as well as the powder
compact, in case of conducting samples. Joule heating plays the dominant role in the
densification of powder compacts, which results in achieving near theoretical density at
lower temperatures compared to conventional sintering techniques67.
The SPS method has been widely applied on the key materials in SOFCs or
PCFCs to obtain dense sintered membranes, such as yttrium doped zirconia68,
La0.9Sr0.1Ga0.8Mg0.2O3-δ69, samarium doped ceria70, and barium zirconate71. Ultrafine
grain sizes with enhanced grain boundary conductivity and low impurities in ceramic
materials can be achieved via SPS process.
1.2.5 Challenges for protonic ceramic conductors development
Protonic ceramic conductors are the key element in PCFCs for power generation
using hydrogen, received significant attentions due to the unique properties, related to the
forming and transport proton containing groups. The state-of-the-art electrolyte protonic
ceramic conductors in PCFCs are BaZrO3 and BaCeO3 based perovskite materials40,64,72,
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in which protons can be incorporated into the bulk materials as protonic defects (𝑂𝐻𝑂. ) in
the presence of water vapor-containing gases. These materials exhibit very high bulk
proton conductivity over a wide temperature range (300 < T <700 °C)24. However, the
total conductivity is limited by the blocking effect of grain boundary 2, a positive excess
charge builds up in the grain boundary core that leads to a depletion of all mobile positive
charge carriers (𝑂𝐻𝑂. , 𝑉𝑂.. , ℎ. ) and an accumulation of negative carriers (such as 𝑒 ′ ), which
is inevitably formed due to the thermodynamic differences between the grain boundary
and bulk55,73. Especially at low temperatures, the interface or grain boundary resistances
dominate the overall resistance of solid electrolyte. While the interface would be a new
pathway for proton transport when the grain size down to the nanoscale in simple oxides
as discussed before. It is important to understand the role of interface on proton transport
in both simple oxides and perovskite materials to help us design new protonic ceramic
conductors to make the PCFCs better and cheaper.
Moreover, at present, though Fourier-transform infrared spectroscopy (FT-IR)
was applied to perform the isotope exchange experiments on materials’ interface to
directly observe the surface exchange reactions. However, there is a lack of kinetic
descriptions regarding the proton transport behaviors on the surface of model oxide
system. it is the right time to present another characterization technique to quantitatively
identify the surface exchange coefficients or proton mobility in materials’ interface.
Last but not least, gas diffusion and chemical reactions on the
electrode/electrolyte interface are also very important in the real application of protonic
ceramic fuel cells. So, it is important to design the electrode microstructure via different
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membrane forming techniques to reduce the gas transport resistance and provide more
active sites for chemical reactions in the electrode/electrolyte interface to lowering the
working temperature for PCFCs.
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CHAPTER TWO
EXPERIMENT
2.1 Experiment
2.1.1 Powder synthesis
BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) was synthesized by a combustion method.
Stochiometric amounts of precursors nitrates were dissolved in distilled water, then the
citric acid and ethylenediaminetetraacetic acid (EDTA) were added to the solution with
metal/citric acid/EDTA ratio of 1:1.5:1.5, working as the cheating agent to assist the
combustion process. The precursor solution was heated on a hot plate to form a gel and
then calcined at 900 to 1100 °C for 5 h to remove organic residue from the ash to get pure
phase BCZYYb. Similar synthesis routes were used for the synthesis of
PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF), and La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), which will be
discussed detailly in this thesis.
2.1.2 Membrane fabrication
Porous membrane was fabricated by either a conventional dry pressing method or
phase inversion process. For the dry pressing method, powders with pore former, like the
starch were pressed in a stainless die at 150 MPa and then sintered at high temperatures
to form the porous membrane. For the phase inversion process, stoichiometric amounts of
BaCO3, CeO2, ZrO2, Y2O3, and NiO were mixed and stirred with polyvinylpyrrolidone
(PVP) as the dispersant and polyethersulfone (PESf) as the binder in N-methyl-2pyrrolidone (NMP) solution in a rolling mill of 24h. The slurry then casted onto a Mylar
substrate with blade height of 1mm and then transferred into water bath for 12h for
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solidification via the phase inversion process. This was followed by drying the green tape
at room temperature for 12 h. Finally, the green tape was punched to pellets with specific
diameter.
Dense membrane studied in this thesis were prepared by SSRS and SPS methods.
For SSRS, stoichiometric amounts of raw chemicals with addition of NiO as sintering aid
were mixed together in isopropanol with 3-mm yttria-stabilized zirconia (YSZ) beads for
48 h, followed by drying at 90 °C for 24 h. The precursors were further dry-pressed in a
circular carbon-aided steel die to obtain the green pellet and finally sintered at 1400-1500
°C for 24 h to obtain dense membrane. For SPS, powders were filled into a graphite die
and sintered by SPS (Dr. Sinter 1020, Sumitomo Coal Mining Co). This process was
accomplished by applying a constant 5 kN axial force and increasing current (100 A/min)
simultaneously to the die in a dynamic vacuum (⁓10 Pa).
2.1.3 Preparation single cells
For anode supported single cell, electrolyte precursor powder was mixed with
binder (5 wt% V-006 (Heraeus) dissolved in terpinol) and dispersant (20 wt.% solsperse
28000 dissolved in terpinol) with a ratio of 15:3:1 to form the electrolyte slurry and then
deposited on each side of the porous anode pellets by screen-printing, followed by cosintering at 1400-1500 °C for 12-24h. LSCF or PBSCF cathode slurry was printed on the
electrolyte side and then sintered at 900-1100 °C for 5h to obtain single cells.
For electrolyte supported single cells. A commercial Pt slurry was pasted on one
side of Ni foam and desiccated at 100 °C for 20 min and calcined under 5% H2 to form the
Ni foam-Pt composite anode. Commercial LiNi0.8Co0.15Al0.05O2 (LNCA) powder mixed
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with a dispersant (20 wt% solsperse 28000 dissolved in terpinol) and binder (5 wt% V-006
(Heraeus) dissolved in terpinol) with a ratio of 15:3:1 to form the LNCA slurry. The LNCA
slurry was printed on Ni foam to form the Ni foam-LNCA composite cathode. Then Ni
foam-Pt anode was placed in stainless die and BCZYYb powder was evenly placed on the
electrode and then Ni foam-LNCA cathode was placed on the top of BCZYYb powder.
Finally, an electrolyte supported single cell was fabricated by dry a pressing method under
160 MPa. For the conventional sample, the as-prepared LNCA and commercial Pt slurry
were printed on the surface of dense BCZYYb membrane to have an electrolyte supported
single cells.
2.2 Characterizations
2.1.1 Electrochemistry characterization
Electrochemical impedance spectroscopy (EIS) is an electrochemical techniques
to measure the impedance of a system in a dependence of the AC potentials frequency.
During EIS measurement, an AC voltage is applied to samples at different frequencies
and the electrical current is measured. The impedance can be expressed as a complex
number, so it can be plotted as a Nyquist plot, the real part on the x-axis, and the
imaginary part on the y-axis, exhibiting a semicircle, relating to a charge transfer process,
and the size of the semicircle represents the charge transfer resistance. If there is a
diffusion process (called Warburg impedance), the plot can look like a straight line.
Equivalent circuit models were used to fit the impedance data discussed in thesis,
as shown on Figure 2.1. Figure 2.1a shows the representative impedance plots for
protonic ceramic conductors. For nanoscale perovskite materials system, there are two
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arcs relates to the proton transport, one is bulk proton transport and another one is grain
boundary resistance. For nanoscale simple oxide systems, there is only one arc relates to
the proton transport since proton transport only occurs on the interface of the membranes.
Figure 2.1b shows the representative impedance plot a single cell under working
condition, the intercept with x-axis is the ohmic resistance from the single cell, and the
arcs are related to the electrode polarization resistance. In anode supported single cells,
the high frequency range arc is related to the anode activation polarization resistance and
the low frequency range arc is related to the cathode activation polarization resistance.

Figure 2.1. Representative impedance plots in a) proton transport in nanoscale perovskite
and simple oxides-based membranes and b) single cells.
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The conductivity discussed in this thesis was tested via electrochemical
workstation (Solartron SI 1287+1260) at alternating current (AC) amplitude of 10 or 100
mV in the frequency range from 1 to 100 MHz. Silver paste was printed on both surfaces
of the sintered membranes, working as the current collectors. AC impedance plots were
fitted using the Zview software according to the equivalent circuit.
A typical I-V curve in PCFCs consisting of three distinct regions of a fuel cell
polarization curve. At low current density, the cell potential drops as a result of the
activation polarization, which is the voltage overpotential required to overcome the
activation energy of the electrochemical reaction on the catalytic surface. The total
activation polarization overpotential is 0.1 to 0.2 V, which reduces the maximum
potential to less than 1.0 V. At moderate current density, the cell potential decreases
linearly with current due to ohmic losses. Conductors have an intrinsic resistance to
charge flow, which results in a loss in cell voltage. It occurs in all cell components,
including electrolyte, electrode, and electrode/electrolyte interface. At high current
density, the cell potential drop departs from the linear relationship with current density as
a result of more pronounced concentration polarization resistance. Theoretically, a fuel
cell must continuously to be supplied with fuel and oxidant to produce power, and the
products must also be continuously removed to have maximum fuel cell efficiency.
The Anode supported single cells which were sealed in an aluminum tube by
ceramic bond, and the silver wires were used as the voltage and current leads on both
sides. The I-V-P curve or the electrochemical performance was evaluated using
humidified (3% H2O) hydrogen as the fuel and the ambient air as the oxidant.
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Electrical conductivity (ECR) was conducted to determine the surface exchange
coefficients, Ceramic powder was pressed into a rectangular bar. The conductivity was
measured using a digital multimeter (Keithley, 2001 multimeter). Changes in the gas
composition were realized in less than 1s at a gas flow rate of 100 mL min-1 with the
change of gas from Ar-3% H2O to Ar-3% D2O. Driertite laboratory gas drier was used to
remove the water vapor. Electrical conductivity changed continuously with relaxation
time to reach a new equilibration when the atmosphere was abruptly changed.
2.1.2 Thermogravimetric analysis (TGA)
TGA (7, PerkinElmer) was used to determine chemical stability under different
atmospheres, like the CO2 and air, water absorption, desorption process in nanoscale
simple oxide membrane and proton content in high temperature perovskite membranes.
For Chemical stability, the sintered powder was ground into powders and heat up
to 1000 °C under the atmosphere of CO2 and air to observe the weight change.
For the water absorption and desorption processes. Initially, the temperature was
increased to 450 °C with a heating rate of 1 °C/min to remove all molecular and absorbed
water from the sample. Next, the temperature was decreased to room temperature under
N2-3% H2O for water absorption process. Finally, the sample was re-heated back to 450
°C with the same heating rate used in the first step to observe the water desorption
process. To determine the water content in high temperature perovskite membrane,
protonation process was performed from 600 to 25 °C with 3% H2O in lab furnace, and
then transfer to TGA Q500 to observe the weight loss during the heating process.
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2.1.3 X-ray Diffraction (XRD)
The crystal structures of the samples were characterized using X-ray diffraction
(XRD, Rigaku TTR-III diffractometer) with Cu Kα radiation source. The XRD patterns
were obtained in the range of 20°-80° with a 0.02 step size and scan speed of 0.5°/min.
2.1.4 Brunauer-Emmett-Teller (BET)
Surface area and pore volume were measured and calculate the N2 adsorption and
desorption isotherms. A well-defined hysteresis loop is associated with the presence of
open porosity and producing capillary condensation of N2.
2.1.5 Scanning Electron Microscopy (SEM)
The morphology of ceramic membranes was evaluated by SEM (SEM, Hitachi S4800) and energy-dispersive X-ray (EDX) was used to determine the chemical
composition.
2.1.6 Scanning Transmission Electron Microscopy (STEM)
The microstructure of the anode/electrolyte interface with related elements
compositions were studied using scanning transmission electron and microscopy (STEM)
combined with energy dispersive X-ray spectroscopy (EDS).
2.1.7 Raman spectra
Raman scattering spectra were recorded with Horiba LabRam HR evolution
Raman confocal microscope equipped with an 800 mm focal length spectrograph and a
deep-depleted CCD detector using a 100 mW 532 nm laser with no attenuation, a 50magnification objective, and 600 groves/mm diffraction gratings. Spectra corresponded
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to the accumulation of ten 15s-long scans. Each spectrum was corrected by the prerecorded instrument-specific response to a calibrated white light source, namely the
intensity correction system (ICS). Isotope exchange reactions were performed in a watercooled hot stage (Linkam, TS1500) by changing the atmosphere from Ar-3% H2O to Ar3% D2O at different temperatures.
2.1.8 Thermal expansion coefficients
Thermal expansion coefficients of sintered samples were measured using a
NETZSCH DIL 402C pushrod dilatometer from room temperature to 1000 °C with a
heating rate of 5 °C/min.
2.1.9 X-ray photoelectron spectroscopy (XPS)
XPS measurement was employer to obtain the binding energy spectra for the
samples combined physical electronics PHI VersaProbe III scanning ESCA microprobe
(XPS), equipped with scanning monochromatic x-ray source.
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CHAPTER THREE
PROTON TRANSPORT IN PEROVSKITE-BASED MEMBRANE
3.1 Introduction
For fast ionic conductors, the performance is typically limited by the grain
boundary resistance, resulting from the space charge effect as discussed in the
background. A doping strategy is the most efficient way to modify the electrochemical
properties of protonic ceramic conductors and has been widely applied on the A or B site
in perovskite materials. In this work, a new route based on the anions doping was
investigated to improve the proton transport performance of perovskite materials.
Fluoride was selected as the doping element due to its higher electronegativity than
oxygen, which will allow fluoride to attract more electrons. As a result, doping F- into the
oxygen lattice may reduce the valence electron density of oxygen ions, weaken the
chemical bonds between cations and oxygen ions, leading to faster oxygen mobility in the
lattice. The improved oxygen mobility can further contribute to the improvement of
proton mobility and conductivity.
This strategy has been widely applied on mixed ionic and electronic conductors
(MIECs). For example, high efficiency oxygen ion transport paths were built based on F doping in SrCo0.9Nb0.1O3-δ. The introducing of anions weakened the chemical bonds
between cations and oxygen ions, which reduced the oxygen permeation activation
energy and increased oxygen permeability74. High performance cathode material in
SOFCs was also developed by embedding anions in oxygen sites. The enhanced activity
was ascribed to the related bulk diffusion and surface exchange properties75. Also, Chen
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et al, found higher hydrogen permeability and enhanced stability in hydrogen separation
membranes through doping Cl- in La5.5W0.6Mo0.4O11.2527. This suggests that anions
doping may improve the properties and performance over a wide range of proton
conducting ceramics.
However, this strategy has not been widely applied on protonic ceramic
conductors. Only a few papers have addressed the effect of anions doping on electrolyte
materials in PCFCs. For example, Tarasova et al. increased the mobility of ionic charge
carriers by introducing a small amount of F- in Ba2In2O576, and further resulting an
increased proton conductivity. Good stability was achieved with anion doped barium
cerate oxides electrolyte77, while the open circuit voltage of undoped one dropped greatly
after 50 hours. Higher conductivity was also observed in Br- doped BaCe0.8Y0.2O3-δ,
however this came at the expense of decreased stability78.
In this Chapter, a model perovskite materials system consisting of yttrium doped
barium zirconate was selected and synthesized as an example to reveal the blocking
effect of grain boundary and the new strategy of anions substitution was proposed to
modify the interface and bulk properties.
3.2 Experimental Procedure
Bare and F- doped BZY membranes were prepared by a cost-effective solid-state
reaction sintering method as described. Stoichiometric amounts of BaCO3, ZrO2, Y2O3
and BaF2 with addition of 2.0 wt.% NiO as the sintering aid were mixed together in
isopropanol with 3-mm yttria-stabilized zirconia (YSZ) beads for 48 h, followed by
drying at 90 °C for 24 h. The electrolyte precursor was dry-pressed under 250 MPa for 1
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min in a circular carbon-aided steel die with diameter of 15 mm to obtain green
electrolyte pellets. The green pellets were sintered at 1500 °C for 24 h to obtain dense
membranes.
The crystal structures of the doped and undoped BZY samples were characterized
using X-ray diffraction (XRD, Rigaku TTR-III diffractometer) with Cu Kα radiation
source. The XRD patterns were obtained in the range of 20°-80° with a 0.02 step size and
scan speed of 0.5/min.
The impedance was tested via electrochemical workstation (Solartron SI
1287+1260) at alternating current (AC) amplitude of 10 or 100 mV in the frequency
range from 1 to 100 MHz. Silver paste was printed on both surfaces of the sintered
membranes, working as the current collectors. AC impedance plots were fitted using the
Zview software according to the equivalent circuit.
Thermal expansion coefficients of sintered doped and undoped BZY samples
were measured using a NETZSCH DIL 402C pushrod dilatometer from room
temperature to 1000 °C with a heating rate of 5 °C/min.
XPS measurement was employer to obtain the binding energy spectra O1s for the
doped and undoped samples.
Calculation method: First-principles density functional theory (DFT)79 calculation
was performed using the projector augmented wave (PAW) pseudopotential method in
conjunction with a plane wave basis set at energy cutoff of 500 eV, as implemented in the
Vienna ab initio simulation package (VASP)80,81. The Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional82 was used for crystal structure relaxations and formation
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energies calculations. Monkhorst-Pack-k-points grids of 2 × 2 × 2 was used to sample the
Brillouin zones for the BaZr0.8Y0.2O3-δ-σFσ. The theoretical BaZr0.8Y0.2O3-δ-σFσ structure
was built using a 3 × 3 × 3 BaZrO3 supercell with Y, O and F atoms substitution. For
example, eliminate 3 O atoms, doping of 6 Y atoms and 8 F atoms result in
Ba27Zr21Y6O70F8, corresponds to a dopant concentration of Y ~ 0.222, F ~ 0.098 and
oxygen vacancy concentration of ~ 0.111. The thermal expansion was calculated by
Gibbs code83.
TGA (7, PerkinElmer) was used to determine chemical stability under CO 2 and
air. The sintered pellets were ground into powders and heat up to 1000 °C to observe the
weight change.
3.3 Results and Discussion

Figure 3.1. Nyquist plots of BaZr0.8Y0.2O3-δ sample under wet air at 700 °C and the
equivalent circuit for fitting the impedance spectra.
Figure 3.1 shows a representative Nyquist plot of BaZr0.8Y0.2O3-δ sample
impedance spectrum under wet air at 700 °C. The impedance spectrum has three
semicircles corresponding to the bulk, grain boundary and electrodes response from high
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to low frequency, which can be fitted by equivalent circuit model. The insert in Figure
3.1 is the R-CPE model used to fit the impedance data. R1 is the intercept with the x-axis,
R2, R3, and R4 correspond to the widths of the first, second, and third arc, respectively.
As we can see, the second arc relates to the grain boundary resistance is much larger than
the first arc which relates to the bulk proton transport.

Figure 3.2. Bulk and grain boundary conductivity of BaZr0.8Y0.2O3-δ sample under wet air
from 700 to 300 °C.
Using the same equivalent circuit model, bulk and grain boundary resistance was
separated from the impedance plot under wet air from 700 to 300 °C. According to the
𝑙

conductivity equation (𝜎 = 𝑅𝑆 ), both the bulk and grain boundary conductivity can be
calculated, as shown on Figure 3.2. The grain boundary conductivities are typically lower
than the bulk conductivity in the measured temperature range, limiting the overall proton
conductivity of electrolyte materials.
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To improve the performance of BaZr0.8Y0.2O3-δ membrane for proton transport, Fwas selected and doped in the oxygen lattice by solid state reaction sintering method.
Figure 3.3 shows the X-ray diffraction (XRD) patterns of BaZr0.8Y0.2O3-δ-σF0.1(BZYF0.1)
and undoped BaZr0.8Y0.2O3-δ samples, indicating phase pure perovskite structure was
achieved in doped sample with no BaF2 secondary phase detected. All samples exhibited
a cubic structure, which suggests that F- were successfully doped into the oxide lattice. In
addition, after doping F- in the oxygen lattice, the XRD pattern shifts to higher 2-theta,
which corresponds to a decrease in the lattice parameter.

Figure 3.3. XRD patterns of BaZr0.8Y0.2O3-δ-σFσ (σ=0, 0.1) membranes sintered at 1500
°C.
To check the electrochemical properties of doped and undoped BaZr0.8Y0.2O3-δ
samples. Electrochemical impedance was measured on BZY series membranes under
different atmospheres. Figure 3.4 displays the Arrhenius plot of the total conductivity of
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BaZr0.8Y0.2O3-δ-σFσ (σ=0, 0.1) as a function of temperature under different atmospheres.
Clearly, the BZYF0.1 has higher total conductivity in all different atmospheres than the
undoped one. According to the protonic defects formation Equation 3.1, the major charge
carrier in wet nitrogen is proton, and the major carrier in dry air is oxygen vacancy and
holes. An improvement of both protonic and oxygen ion conductivity was observed after
introducing fluoride into the oxygen lattice.

Figure 3.4 Electrical conductivity of BaZr0.8Y0.2O3-δ-σFσ (σ=0, 0.1) under wet air, dry air,
and wet nitrogen from 700 to 400 °C84.
Equivalent circuit model was used to separate the bulk and grain boundary
contribution from the impedance plots from 700 to 400 °C under wet air, as shown on
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Figure 3.5. After introducing F- into the oxygen lattice, both the bulk and grain boundary
resistance decreased in the measured temperature range, exhibiting a new strategy to
modify both the bulk and interface properties in protonic ceramic conductors.

Figure 3.5. Bulk and grain boundary conductivity of BaZr0.8Y0.2O3-δ-σFσ (σ=0, 0.1) under
wet air from 700 to 400 °C.
A better analysis was needed to understand the behind reasons for the improved
proton conductivity. Under wet nitrogen, the improved proton conductivity could be
originated from the increased concentration of oxygen vacancy or increased mobility of
oxygen lattice, as shown by Equation 3.1
𝐻2 𝑂 + 𝑂𝑂𝑋 + 𝑉𝑂.. → 2𝑂𝐻 .

(3.1)

Oxygen vacancies concentration is a factor that affect the proton conductivity in
wet atmosphere. In the doped sample, the co-substitution of Y3+ and F- in BaZrO3 oxide
can be described as the Equations 3.2 and 3.3 in Kröger–Vink notation.
𝐵𝑎 𝑍𝑟 𝑂3

𝑌2 𝑂3 →

𝐵𝑎 𝑍𝑟 𝑂3

𝐵𝑎 𝐹2 →

′
2𝑌𝑍𝑟
+ 3𝑂𝑂𝑋 + 𝑉𝑂..

(3.2)

𝐵𝑎 𝐵𝑋 + 2𝐹𝑂. + 𝑉𝐵′′𝑎

(3.3)

𝑎

𝑉𝐵′′𝑎 + 𝑉𝑂.. → 𝑁𝑢𝑙𝑙

(3.4)
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As expected, addition of F- will reduce the oxygen vacancies in BZY, as
described in the Equation 3.4. However, fluoride has a higher electronegativity (4.0) than
oxygen (3.44), which allows it to attract electrons more strongly than oxygen. This would
result in a decrease in the metal-oxygen bond energy, making oxygen ions easier to be
displaced from neighboring cations thus contributing more oxygen vacancies. So, there is
a trade-off effect of oxygen vacancy concentration after introducing fluoride ions in the
oxygen lattice.

Figure 3.6 Linear thermal expansion of the BaZr0.8Y0.2O3-δ-σFσ (σ=0, 0.1) samples in air
atmosphere (a) and calculated thermal expansion coefficient from DFT calculation (b)84.
Thermal expansion behavior analysis was used to identify the oxygen vacancies
after F- doping. According to Tor S. Bjørheim’s calculation work85, there appears to be a
correlation between the oxygen vacancy concentration and the linear thermal expansion
over a certain temperature range. As shown on Figure 3.6a, BZYF0.1 has a lower thermal
expansion than the undoped BZY sample from 400 to 1000 K, which indicates that
introducing F- in BZY had a decreased oxygen vacancy concentration. This observation
was consistent with the calculated thermal expansion coefficients by first-principles
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density functional theory (DFT), as show on Figure 3.6b. The decreased thermal
expansion coefficient suggests that the introducing F- in the lattice will decrease the
oxygen vacancy concentration according to the Kröger–Vink notation and the
improvement of the proton conductivity in F- doped BZY membranes is not a result of
the increased oxygen vacancy concentration. An increased mobility of oxygen and
oxygen defects is likely the main reason for the enhancement of proton conductivity.

Figure 3.7. XPS of O 1s peaks for F doped BZY samples84.
To understand the increased oxygen or oxygen defects mobility in BZYF0.1
membrane, XPS was conducted to analyze the binding energies of the surface and lattice
oxygen. As shown on Figure 3.7, there are two peaks in the XPS plot, relating to the
surface and lattice oxygen in perovskite membrane, respectively. The binding energy of
the oxygen species absorbed on the surface is often higher than that of the oxygen
lattice86. Clearly, there is an increased binding energy of O1s after doping fluoride ions in
the oxygen lattice, from 526.88 to 527.46 eV. The increased binding energy may result
from the difference in electronegativity between F- and O2-, which will weaken the
Coulombic force between A or B-site ions and O2-, indicating an increased activity of the
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lattice oxygen. Notably, the decreased binding energy for metal ions indicates a lower
bond energy for metal and oxygen in the perovskite oxides, thus generating faster oxygen
mobility in the bulk material. So, the enhanced proton conductivity under wet nitrogen
and air was originated from the increased mobility of the oxygen lattice and oxygen
defects.

Figure 3.8. DFT calculation of O1s binding energy in F doped BZY samples84.
The core level of O1s was calculated and shown on Figure 3.8. The binding
energy increased by 0.1eV after F- doping, which is consistent with our XPS results as
discussed. The difference in the oxygen mobility in perovskite material can account for
the improved proton conductivity in BZYF0.1, exhibiting the same effect of anion doping
on enhancing the mobility of ionic charge carriers as has been observed in solid solutions
based on Ba2In2O576.
Chemical stability is another important factor for proton ceramic conductors. The
sintered pellets were ground into powders and underwent TG (7, PerkinElmer)
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measurements under air and CO2, as shown on Figure 3.9. There was an apparent weight
loss around 250 °C, resulting from the absorbed water in the samples. The BZYF0.1
sample maintained good chemical stability under both at air and CO2 at high
temperatures, indicating the F- doping in the perovskite materials will not deteriorate the
chemical stability of BZY.

Figure 3.9. TGA measurements of F doped BZY under air and CO2 from room
temperature to 1000 °C.
In summary, a model perovskite membrane system, yttrium doped barium
zirconium system was studied in this Chapter to understand the role of interface for
proton transport in perovskite-based protonic ceramic conductors. Impedance plot was
used to reveal the blocking effect of grain boundary which limits the practical
applications at low temperatures. In addition, a novel strategy was proposed to modify
both the bulk and grain boundary properties. The targeted substitution of F- for O2- on the
anion lattice resulted an enhanced proton conductivity. This effects originates from the
improved oxygen mobility as compared to the un-doped oxide. The suggested underlying
mechanism is the weakened chemical bonds between cations and oxygen ions in
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perovskite materials after F- doping. Moreover, the introducing of fluoride ions on the
oxygen lattice will not deteriorate the chemical stability of BZY, exhibiting a great
promise for the development of a new generation of high-performance electrolyte
materials.
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CHAPTER FOUR
PROTON TRANSPORT IN NANOSTRUCTURED SIMPLE OXIDE-BASED
MEMBRANE
4.1 Introduction
The state-of-the-art high temperature protonic ceramic conductors are BaZrO3and BaCeO3-based materials, in which protons can be incorporated into the bulk
materials as protonic defects (𝑂𝐻𝑂. ) in the presence of hydrogen or water vaporcontaining gases. These materials exhibit high bulk proton conductivity over a wide
temperature range (300 °C < T < 700 °C)24. However, the total conductivity is typically
limited by the blocking effect of the grain boundary, resulting from the space charge
effect.
In nanostructured simple oxide materials system, the interface (grain boundary
and surface) can be used as an alternative pathway for proton transport. For example, the
conductivity of a porous, thin film of TiO2 is reported to be as high as 3.8E-2 S·cm-1 at 80
°C and 81% relative humidity87. Y-stabilized ZrO2 (YSZ), known as a pure oxide ion
conductor at high temperatures has shown protonic conduction at low temperatures88.
Other ceramic oxides, such as SiO289 and CeO290 also show similar behaviors.
Proton transport behaviors in simple oxides and perovskite materials were
compared in a recently published review paper36. The conductivity plot can be divided
into three different temperatures zones according to the corresponding proton transport
mechanism. At high temperatures, proton transport is a thermally activated hopping
process requiring the breaking and reforming of the O-H bond. At low temperatures,
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proton transport relies on the novel use of interfacial hydrated layers in nanoscale
ceramic membranes, presenting an opportunity for exploring a new generation of
protonic ceramic conductors. A better understanding of the proton transport mechanism
at the interface is crucial for materials development. One way to directly evaluate the
proton transport mechanism is by characterizing the H/D isotope exchange effect either
by observing mass or conductivity change, such as thermogravimetric analysis and
conductivity measurements91,92, or spectroscopic study34. However, at present, there is a
lack of kinetic description on the isotope exchange reactions on the interface of model
oxide system.
In this Chapter, nanoscale simple oxide membranes were prepared and studied to
understand the role of interface for proton transport at low temperatures. In-situ Raman
spectroscopy as a technique was presented to directly identify the proton transport
mechanism by quantifying the isotope exchange reactions on oxide’s interface. In
addition, a new type of protonic ceramic conductor was proposed based on the findings in
this Chapter.
4.2 Experimental Procedure
Porous TiO2 membranes were fabricated by a traditional ceramic sintering
method. Nanoscale TiO2 powders were pressed in a stainless die at 150 MPa and then
sintered at 700 °C for one hour in ambient air to form porous nanocrystalline pellets.
Dense TiO2 membranes with similar grain size were prepared by spark plasma sintering
(SPS) method via controlled temperature and dwell time. Powders were filled into a
graphite die and sintered by SPS (Dr. Sinter 1020, Sumitomo Coal Mining Co.). This
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process was accomplished by applying a constant 5 KN axial force and an increasing
current (100 A/min) simultaneously to the die in a dynamic vacuum (⁓10 Pa).
The morphology of TiO2 membranes was evaluated by scanning electron
microscopy (SEM, Hitachi S-4800). The BET surface analysis was made using nitrogen
physisorption. (Quantachrome Autosorb iQ Gas Sorption Analyzer). Thermo-gravimetric
analysis (TGA 7 Pekin Elmer) was used to analyze the water absorption and desorption
behaviors in the nanostructured porous and dense membranes. Detailly, the temperature
was increased to 450 °C with a heating rate of 1 °C/min to remove absorbed gases and
water in the membrane. Next, the temperature was decreased to room temperature under
N2-3% H2O for the water absorption process. Finally, samples were re-heated back to 450
°C with the same heating rate used in the first step to observe the water desorption
process.
The conductivity of the TiO2 membranes was tested by electrochemical
impedance spectra (EIS), using an electrochemical workstation (Solartron ® SI 1287 +
1260) at alternating current (AC) amplitude of 100 mV in the frequency range from 1
MHz to 100 mHz. Silver paste was printed onto both surfaces of the sintered membranes,
working as the current collector. AC impedance plots were fitted using Zview software
according to the equivalent circuit.
Raman scattering spectra were recorded with Horiba LabRAM HR Evolution
Raman confocal microscope equipped with an 800 mm focal length spectrograph and a
deep-depleted CCD detector using a 100 mW 532 nm laser with no attenuation, a 50magnification objective, and 600 groves/mm diffraction gratings. Spectra corresponded
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to the accumulation of 10 15s long scans. Each spectrum was corrected by the prerecorded instrument-specific response to a calibrated white light source, namely the
intensity correction system (ICS). Isotope exchange reactions were performed in a watercooled hot stage (Linkam, TS1500) by changing the atmosphere from Ar-3% H2O to Ar3% D2O at different temperatures (25 °C to 175 °C).
4.3 Results and Discussion

Figure 4.1. (a) Morphology of TiO2 porous membrane sintered at 700 °C for 1h and (b)
hydration and de-hydration behaviors of the nanoscale TiO2 membrane obtained from
thermo-gravimetric analysis93.
Figure 4.1a displays the morphology of porous nanostructured membrane
prepared by traditional sintering method with a grain size of ⁓ 40 nm. The relative
density is 65.6% (real density/ theoretical density). Figure 1(b) shows the water
absorption and desorption behaviors in nanoscale membrane by TGA measurements.
During the cooling process from 450 °C to room temperature as marked in the figure,
there is nearly 0.7 wt.% (comparing to the sample) of water absorbed on the interface.
Most of the absorbed water desorbed during the heating process, which was consistent
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with the water structure as discussed before. These results confirmed that the water
absorption process occurred on the interface of nanostructured TiO2 membranes at low
temperatures.
The N2 adsorption and desorption isotherms for the nanostructured TiO2
membrane is reported in Figure 4.2. It is well-known that a well-defined hysteresis loop
is associated with the presence of open porosity producing capillary condensation of N2.
The surface area (19.992 m2/g) was obtained by fitting the data with a BET isotherm and
the pore volume was found to be 7.675 E-2 cm3/g, according to the total amount of the
nitrogen absorbed at saturation94.

Figure 4.2 Nitrogen adsorption-desorption isotherms for nanostructured TiO2 porous
membranes.
To better understand the role of interface for proton transport, electrochemical
impedance measurement was applied to identify the proton conductivity under different
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atmospheres over a wide temperature range (400 to 25 °C). In perovskite-based protonic
ceramic conductors, there are two arcs related to the proton conduction. The first arc
relates to the bulk resistance, and the second arc relates to the grain boundary resistance.
Since bulk material of simple oxides is not a proton conductor, there is only one arc in the
impedance plot, as shown on Figure 4.3a. Figure 4.3b shows the representative EIS plot
of the nanostructured TiO2 membrane under Ar-3% H2O at 50 °C. In simple oxide
materials system under wet atmosphere at low temperatures, there is only one arc in the
impedance plot since proton transport can only rely on the absorbed water on the
interface.

Figure 4.3. a) Equivalent circuit model for nanoscale BZY and TiO2 and b) The
representative Electrochemical impedance spectroscopy of nanostructured TiO 2
membrane under Ar in (3%) H2O at 50 °C.
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Figure 4.4 Total conductivity of porous TiO2 membrane under Ar-3% H2O and Ar-3%
D2O and dense TiO2 membrane fabricated by SPS method under Ar-3% H2O.
The diameter and thickness of the membrane are 0.6 and 0.19 cm, respectively.
Based on the resistance, surface area and thickness of the pellets, the electrical
conductivity can be calculated at different temperatures according to the conductivity
𝑙

equation 𝜎 = 𝑅𝑆 . Above 150 °C, the conductivity generally increased with increasing
temperature as shown on Figure 4.4, which was consistent with the observation in high
temperature ionic ceramic conductors. At high temperature, proton transport occurred
predominantly in the chemisorbed water layers35 and proton was not the dominant
transport ionic species. With the decreasing temperature, the activation energy gradually
decreased, and the conductivity showed a thermally deactivated feature below 150 °C.
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Total conductivity increased with the decreasing temperature where proton transport
occurred in the hydrogen-bonded and physical absorbed water layers, which could be
explained by higher proton concentration at low temperatures. All observations agree
with previous reported proton conduction in porous ceramics34,56,95. Similar proton
conductivity trend was observed under Ar-3% D2O and a clear isotopic effect occurred.
The conductivity in Ar-3% H2O was clearly higher than that in Ar-3% D2O, with
approximately (σ(H2O)/σ(D2O)) ratio around 2, closing to the theoretically value 1.4,
suggesting hopping-based proton conduction on oxides’ interface.
For comparison, dense TiO2 membrane was prepared by SPS method. Figure 4.5
shows the XRD pattern of dense and porous TiO2 membranes. The X-ray diffraction
method (Scherrer equation) was used to estimate the crystalline size, it is 18 and 20 nm
for the dense and porous membrane, respectively.

Figure 4.5. XRD patterns of dense and porous TiO2 membrane fabricated by spark
plasma sintering (SPS) and traditional method, respectively.
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The morphology of the dense membrane is shown on Figure 4.5, exhibiting
similar grain size (⁓ 40 nm) with the porous membrane as described before. The total
conductivity in dense membranes prepared by SPS method was also included in Figure
4.4. Similar proton transport behavior was observed in dense nanostructured TiO 2
membrane. As expected, the electrical conductivity was lower in dense membrane than
the porous membrane at low temperatures, resulting from the lower water absorption
amount in dense membrane comparing to the porous one, as illustrated in Figure 4.7.
During the cooling process, there was nearly 0.3 wt.% of water absorbed on the dense
membrane, which was much lower than the absorbed water amount in porous membrane
(0.7 wt.%).

Figure 4.6. SEM image of nanostructured TiO2 membrane prepared by SPS method at
700 °C for 5 minutes.
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In addition, the change between Zones as defined by temperature-dependent
conductivity measurements was lower in dense membranes as compared to porous
membranes due to different water absorption amount.

Figure 4.7. Hydration behaviors of the dense and porous nanostructured TiO2 membranes
from thermo-gravimetric analysis.
As mentioned, the first chemisorbed layer above the oxides’ interface consists of
terminated and multi-coordinated hydroxyls, followed by hydrogen-bonded water layers.
The hydroxyls are stable up to 600 °C and the hydrogen-bonded water layers can exist
around 200 °C. The amount of physical absorbed water was determined by the relative
humidity.
The OH and OD vibrations on the oxides’ interface were first identified via in-situ
Raman. Representative Raman spectroscopy results of OH and OD vibrations measured
from 25 to 300 °C under Ar-3% H2O and Ar-3% D2O, as shown on Figure 4.8. The OH
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vibration appeared at ⁓ 3400 cm-1 with a shoulder at 3200 cm-1 and the OD vibrations
appeared at ⁓ 2550 cm-1. With the increasing temperature, (1) the intensity of OH and
OD vibrations decreased due to the reduced water absorption amount at high
temperatures; (2) the main peaks shifted to higher wavenumbers resulting from different
hydrogen bonding interactions, the stronger the hydrogen bond, the higher the shift in
OH/OD stretching frequency and (3) the width of the peaks were largely reduced,
resulting from the water desorption process at high temperatures, as we observed in the
TGA curve, which is in agreement with previously reported spectra of OH and OD
stretch band profiles96.

Figure 4.8. The representative OH (a) and OD (b) Raman vibration from 25 to 300 °C
under Ar-3% H2O and Ar-3% D2O, respectively.
To further understand the proton transport properties in materials’ interface.
Isotope exchange reactions were performed in in-situ Raman to quantify the proton
mobility in the interface. Figure 4.9 shows the spectra time evolution where
representative spectra in the range of 2400-3700 cm-1 are presented. These spectra were
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obtained after switching the atmosphere from Ar-3% H2O to Ar-3% D2O at room
temperature and 100 °C. The O-H vibration was immediately attenuated after changing
the atmosphere from H2O to D2O as illustrated in the figure. The 𝜈𝑂𝐻 broad band at ⁓
3400 cm-1 decreased and the 𝜈𝑂𝐷 broad band at ⁓ 2550 cm-1 increased with the extended
time due to the isotope exchange reactions of hydroxyl groups on oxides’ interface. In
addition, the O-H vibration almost disappeared after 30 minutes at 100 °C, indicating a
faster isotope exchange rate or proton mobility at 100 °C than that was observed at room
temperature, which is consistent with the observation through FT-IR measurement on
nanoscale yttrium doped zirconia97.

Figure 4.9 Temporal evolution of Raman spectra of TiO2 membrane after switching the
atmosphere from Ar-3% H2O to Ar-3% D2O at (a) room temperature (RT) and (b) 100 °C.
During the OH/OD exchange, the relevant variable was the fraction of remaining
OH existing on the surface and grain boundary of nanostructured TiO2 membrane, which
was experimentally determined in terms of ratio 𝐼𝑂𝐻 /𝐼𝑂𝐻 Initial. As shown on Figure 4.10a,
the decrease in the 𝜈𝑂𝐻 integrated intensity follows a straight line in the semi-logarithmic
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plot. Therefore, it is possible to define the first-order rate constant, 𝑘𝐻/𝐷 as described in
Amado and Da Silvia’s report98,99. Temperature-dependent measurements indicates the
exchange rates were appreciably faster at elevated temperatures, which is consistent with
the observation in Figure 4.9. A plot of Ln(k) vs. 1/T was used to determine the activation
energy during the hydrogen isotope reactions, as shown on Figure 4.10b. Linear
correlations were obtained for the isotope exchange reactions from Ar-3% H2O to Ar-3%
D2O, suggesting Arrhenius-type dependence of the rate constant. The resulting activation
energy, 𝐸𝑎 , of 9 kJ mol-1 from the slope was determined for the H/D exchange on
nanoscale oxides’ interface.

Figure 4.10. (a) Natural logarithm of the integrated relative Raman 𝑣𝑂𝐻 intensity in
porous nanostructured TiO2 membrane, as a function of time of exposure to an
atmosphere of Ar-3% D2O together with the isotope exchange rate in β-cyclodextrin
dodecahydrate26; and (b) Ln(k) vs. 1/T for H/D isotope exchange reactions on oxides’
surface.
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Table 4.1 shows a summary of H/D isotope exchange coefficients (k) and
activation energy (𝐸𝑎 ) in different material systems, like the inorganic ceramic materials,
organic material, and noble metal. The activation energy 𝐸𝑎 for H/D exchange found in
nanoscale TiO2 membrane was 9 kJ/mol, which was lower than the reported activation
energy, 26 kJ/mol for H/D exchange in β-cyclodextrin dodecahydrate, indicating a lower
energy barrier for H/D exchange reactions on absorbed water layers in oxides’ interface
than hydroxyl group in β-cyclodextrin dodecahydrate. The activation energy was
comparable with the noble metal system for the D2/H2 exchange reactions using residual
gas analyzer (RGA).
Table 4.1. A summary of H/D isotope exchange coefficient (k) at room temperature and
activation energy (Ea) in different systems93.
Surface
exchange
rate
2.35E-4 s-1

Exchange

Materials

D2O/H2O

TiO2

D2O/H2O

SrCe0.95Yb0.05O3 1.4E-6 s-1

D2O/H2O

β-cyclodextrin
dodecahydrate
β phase
Palladium

D2/H2

2.17 E-4 s-1

Activation Method
energy
(Ea)
In-situ
9 kJ/mol
Raman
-- Elastic
recoil
detection
(ERD)
26 kJ/mol In-situ
Raman
3.5, 25
Residual
gas
kJ/mol
analyzer
(RGA)

Reference

This work
100

99

101,102

Interestingly, the surface exchange coefficient (k) in nanoscale simple oxides is 2
orders higher than that in the traditional oxidic protonic ceramic conductor
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(SrCe0.95Yb0.05O3). It is noted here that SrCe0.95Yb0.05O3 was prepared by solid state
reaction method at high temperatures to form dense membrane with large grain size.
Thus, a negligible water absorption on the surface and grain boundary. Proton transport
or isotope exchange reactions can only occur in the bulk materials by forming protonic
defects through oxygen vacancy. This indicates proton mobility at the interface in
nanoscale simple oxides system is much higher than the “bulk effect” of traditional
protonic ceramic conductors at room temperature, which was consistent with the reported
phenomenon in nanoscale cerium oxide system103.
As discussed in Figure 4.1, we know that the nanoscale TiO2 membrane can
absorb 0.03 mol water per mol TiO2. If it is assumed that (i) the water layer in the
nanostructured TiO2 interface consists of a layer of physiosorbed water and a layer of
chemisorbed water at room temperature104, (ii) the entire water content is absorbed on the
surface and grain boundary and (iii) the monolayer water layer thickness is 0.282
nm59,105. According to the BET data, the surface and grain boundary can accommodate ⁓
1022 protons cm 3. Therefore, the estimated interface concentration of protons is
comparable or even higher than the calculated bulk content of protons derived from
typical dopant concentration (i.e., 15 mol% yttrium-doped BaZrO3 has a proton
concentration of ⁓1021 protons cm-3)103.
Clearly, water absorption on the surface and grain boundary in simple oxide
systems has higher proton mobility and higher proton concentration as compared to the
traditional high temperature protonic ceramic conductors. Notably, the conductivity (σ,
S/cm) follows Equation 4.1, of which n is carrier density (# of carriers/cm3), q is the
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electric charge (C) and μ is the mobility (cm2/Vs), suggesting a 3 orders higher of
interfacial conductivity as compared to the low conductivity transport in high temperature
protonic ceramic conductors through the bulk and then across the grain boundaries at
room temperature24,103.
Equation 4.1

𝜎 = 𝑛𝑞𝜇

Figure 4.11 Illustration of the water structure on nanoscale simple oxides’ interface and
proton defects forming in perovskite structure under a humidified atmosphere93.
Figure 4.11 shows the water structure on nanoscale oxides’ interface106 and proton
defects107 in the perovskite structure under a humidified atmosphere. These results
indicate that when the grain size of traditional protonic ceramic conductor is decreased,
this will provide more active sites on the interface for water absorption, resulting in
improved proton transport properties by combining the known “bulk effect” (proton
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defects) and newly discovered “interface effect” (absorbed water) in an intermediate
temperature range. This combination effect results in conductive interface with enhanced
ionic transport instead of blocking transport which provides a new promising solution for
the development of a new generation of protonic ceramic conductors at low temperatures.
In summary, the positive effect of interface for proton conduction in
nanostructured simple oxides system was demonstrated in this Chapter. In-situ Raman
spectroscopy was used to perform the hydrogen isotope exchange experiments on the
interface to better understand the proton transport mechanism and assist in the
development of new protonic ceramic conductors. The observed surface exchange
coefficients or proton mobility in the simple oxides ‘interface is two orders higher than
that in traditional oxidic proton conductors. Also, the estimated proton concentration in
absorbed water layers is comparable to the calculated proton concentration in typical
perovskite-based proton conductors, indicating an enhanced proton conduction can be
achieved by the novel use of materials’ interface. Based on these results, a new materials
system was proposed, which combines the interfacial and bulk effects for proton
transport in an intermediate temperature range, exhibiting a promising solution for the
development of high-performance proton ceramic conductors through interfacial
engineering at the nanoscale.
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CHAPTER FIVE
PROTON TRANSPORT IN NANOSTRUCTURED PEROVSKITE-BASED
MEMBRANE
5.1 Introduction
Perovskite-based protonic ceramic conductors as the key materials in protonic
ceramic fuel cells (PCFCs) have received significant attentions in the past decades due to
their high proton conductivity and chemical stability. However, the performance of
protonic ceramic conductors is limited by the large grain boundary resistance evidenced
by a comparison of polycrystalline samples with different grain sizes. Specially, two
samples with grain sizes differing by a factor of 2.3 displayed identical grain interior
conductivities, whereas the grain boundary conductivities differ by a factor of 2.5-3.2108.
This effect originates from a positive excess charge at the grain boundary core, which
leads to a depletion of mobile positive charge carriers (𝑂𝐻𝑂. , 𝑉𝑂.. , ℎ. ) and an accumulation
of negative carriers (such as 𝑒 ′ ).
Great efforts have been devoted to manipulating the materials’ interface with the
aim of reducing the grain boundary resistance. For example, nanoscale nickel thin metal
film decorated BCZYYb grain boundary showed a remarkable order-of-magnitude
enhancement in proton conductivity under wet reducing conditions below 450 °C109.
Grain boundary resistance can be further minimized by fabricating highly textured
yttrium doped barium zirconate thin films with grain boundary free structure through
epitaxial growth or pulsed laser deposition110,111.
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In the last Chapter, a new type of interfacial proton conduction was identified in
nanostructured simple oxide system, relying on the absorbed water on materials’ interface
(e.g., surface and grain boundary). However, less is known regarding proton transport
through the interfaces in nanoscale perovskite membranes at low temperatures. In
nanostructured perovskite materials, proton transport occurred not only on the bulk
material, but also through the hydrated layers on the interface, indicating a new
opportunity to develop a new type of protonic ceramic conductors with “interfacial
effect” and “bulk effect”.
In this Chapter, nanoscale BCZYYb membrane is designed by a novel strategy
with improved proton transport properties at low temperatures (<300 °C). In-situ Raman
and electrical conductivity relaxation (ECR) were used to quantify the surface exchange
coefficients during the hydrogen isotope exchange reactions. Higher proton mobility and
proton concentration were achieved in designed membrane system than the conventional
one, indicating the promising applications as electrolyte materials in low temperature
protonic ceramic fuel cells.
5.2 Experimental Procedure
BCZYYb powder was prepared by a wet chemistry method. Stoichiometric
amounts of precursors nitrates, Ba(NO3)2, Ce(NO3)3, ZrO(NO3)2, Y(NO3)3, and Yb(NO3)3
were dissolved in distilled water, then critic acid and ethylenediaminetetraacetic acid
(EDTA) were added to the solution with metal/citric acid/EDTA ratio of 1:1.5:1.5, working
as the chelating agent to assist the combustion process. The precursor solution was heated
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up in a hot plate to form a gel and then calcined at 900 to 1100 ºC for 5 h to remove organic
residue from the ash to obtain a pure phase BCZYYb.
Nanocrystalline BCZYYb membranes were fabricated by a dry pressing method.
The prepared nano BCZYYb powders were pressed in a stainless die at 160 MPa to form
the membrane without further calcination. Conventional BCZYYb membranes with large
grain size were prepared by a two-step sintering method in which the samples were
heated to 600 °C with a heating rate of 5 °C min-1 to remove the organic PVA bonder,
followed by increasing the temperature to 1500 °C to achieve an intermediate density,
then decreasing the temperature to 1300 °C with a fast-cooling rate of 30 °C min-1 to
achieve full densification.
The crystalline structure of the samples was determined using X-ray diffraction
(XRD, Rigaku TTR-III diffractometer) with Cu Kα radiation source. The morphology of
BCZYYb membranes were evaluated by scanning electron microscopy (SEM, Hitachi S4800).TGA Q5000 was used to determine the proton concentration in BCZYYb
membranes. Before TGA measurements, protonation process was performed from 600 °C
to 25 °C with 3 wt.% H2O in the furnace. The BET surface analyses were made using
nitrogen physisorption. (Quantachrome Autosorb iQ Gas Sorption Analyzer).
Electrical conductivity relaxation (ECR) was conducted to determine the surface
exchange coefficients in nanocrystalline BCZYYb membrane. The as-prepared BCZYYb
powder was pressed into rectangular bars at a pressure of 160 Mpa, with the bars having
dimensions of approximately 3.11 x 4.02 x 0.81 mm3. The conductivity was measured
using a digital multimeter (Keithley, 2001 multimeter). Changes in the gas composition
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were realized in less than 1s at a gas flow rate of 100 mL min-1 with the change of gas
from Ar-3%H2O to Ar-3%D2O. Driertite laboratory gas drier was used to remove the
water vapor. Electrical conductivity changed continuously with the relaxation time to
reach a new equilibration when the atmosphere was abruptly changed.
Raman scattering spectra were recorded with Horiba LabRAM HR Evolution
Raman confocal microscope equipped with an 800 mm focal length spectrograph and a
deep-depleted CCD detector using a 100 mW 532 nm laser with no attenuation, a 50magnification objective, and 600 groves/mm diffraction gratings. Spectra corresponded
to the accumulation of ten 15s-long scans. Each spectrum was corrected by the prerecorded instrument-specific response to a calibrated white light source, namely the
intensity correction system (ICS). Isotope exchange reactions were performed in a watercooled hot stage (Linkam, TS1500) by changing the atmosphere from Ar-3% H2O to Ar3% D2O at different temperatures.
5.3 Results and Discussions
Figure 5.1a shows the X-ray diffraction pattern of the synthesized BCZYYb
power. Pure phase BCZYYb was acquired above a calcination temperature of 1000 °C.
The morphology of nanocrystalline BCZYYb by a dry pressing method is shown on
Figure 5.1b. No open pores are present in the membrane, and the grain size is less than
100 nm, indicating the gas-tight nanoscale BCZYYb membrane with increased interface
area can be achieved via a dry pressing method. The method developed here is a time and
energy-saving process since no sintering process required.
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Figure 5.1. a) XRD patterns of BaCe0.7Zr0.1Y0.1Yb0.1O3-δ (BCZYYb) powder calcined at
different temperatures. b) Morphology of nanocrystalline BCZYYb membrane by a dry
pressing method.

Figure 5.2. Temporal evolution of Raman spectra of nanostructured BCZYYb membrane
after switching the atmosphere form Ar-3% H2O to Ar-3% D2O at 300 °C.
To understand the role of interface for proton transport in the designed membrane
system. The hydrogen isotope exchange reactions were first performed in in-situ Raman
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spectroscopy to quantify the surface exchange coefficients or proton mobilities in the
interface. Figure 5.2 shows the representative temporal evolution of Raman spectra of
nanostructured BCZYYb at 300 °C, which was obtained after switching the atmosphere
from Ar-3% H2O to Ar-3% D2O. The hydrated interface contains chemisorbed and
physiosorbed water layers, including free H2O, hydrogen-bonded H2O molecules, and
surface-terminating hydroxyls. The O-H vibration was immediately attenuated after
introducing D2O to the atmosphere, indicating the isotope exchange reactions occurred on
the interface of designed membrane system at 300 °C. As shown on the figure, the
intensity of 𝜈𝑂𝐻 broad band at ⁓ 3500 cm-1 started to decrease, and the intensity of 𝜈𝑂𝐷
broad band at ⁓ 2500 cm-1 started to increase once the D2O was introduced into the
chamber, both due to the isotope exchange reactions of proton-containing species on
membrane’s interface.
During the H/D exchange process, the relevant variable was the remaining
fraction of OH existing on the surface and grain boundary interfaces, which was
experimentally determined in terms of 𝐼𝑂𝐻 /𝐼𝑂𝐻𝑖𝑛𝑖𝑡𝑖𝑎𝑙 . So, the surface exchange
coefficients or proton mobilities can be calculated through the determined relative OH
intensity. This phenomenon is consistent with previous study of the hydrogen isotope
exchange process on nanoscale simple oxides.
In a similar manner, surface exchange coefficients or proton mobilities during the
hydrogen isotope exchange reactions were measured in a wide temperature range (300 to
100 °C) with a step of 50 °C. As shown on Figure 5.3, the decrease in 𝜈𝑂𝐻 integrated
intensity follows a straight line in the semi-logarithmic plot. So, it is possible to define
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the first-order rate constant, surface exchange coefficients 𝑘𝐻/𝐷 during the hydrogen
isotope exchange reactions. The surface exchange coefficients were 2.29 E-4 s-1, 1.80 E-4
s-1, 1.52 E-4 s-1, 1.37 E-4 s-1, and 1.07E-4 s-1 at 300, 250, 200, 150, and 150 °C,
respectively, indicating the surface exchange rates were appreciably faster at elevated
temperatures.

Figure 5.3. Natural logarithm of the integrated relative Raman 𝜈𝑂𝐻 intensity in
nanocrystalline BCZYYb membrane, as a function of time of exposure to an atmosphere
of Ar-3% D2O.
Figure 5.4 shows the conductivity relaxation curve of nanocrystalline BCZYYb,
which was obtained after switching the atmosphere from Ar-3% H2O to Ar-3% D2O. The
conductivity keeps decreasing when changed the atmosphere from H2O to D2O at 100
and 150 °C, pointing out the isotope exchange effect on proton/deuteron diffusivity. The
mobilities can be calculated by the derivation of the electrical relaxation conductivity
curves. The surface exchange coefficients measured by in-situ Raman spectroscopy were
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1.07 E-4 s-1 and 1.37 E-4 s-1 at 100 and 150 °C, respectively, which was very close
surface exchange coefficients measured by ECR measurements. representing both ECR
and in-situ Raman spectroscopy are useful tools to better understand and quantify the
surface exchange coefficients at the materials’ interface.

Figure 5.4. Electrical conductivity relaxation curve of nanocrystalline BCZYYb
membrane when switching gas from Ar-3% H2O to Ar-3% D2O.
To better understand the hydrogen isotope exchange reactions, a reverse isotope
exchange reactions were performed on nanocrystalline BCZYYb membrane through insitu Raman spectroscopy by changing the atmosphere from Ar-3% D2O to Ar-3% H2O in
the same temperature range (100-300 °C). Similar phenomenon was observed, the decrease
in 𝜈𝑂𝐷 integrated intensity follows a straight line in the semi-logarithmic plot and the firstorder rate constant, surface exchange coefficients 𝑘𝐷/𝐻 could be determined during the
hydrogen isotope exchange reactions, as shown on Figure 5.5. In a plot of Ln (k) versus

67

1/T, linear correlations were obtained, suggesting an Arrhenius-type dependence of the rate
constant with activation energy of 10.97 kJ/mol.

Figure 5.5. a) BCZYYb membrane fabricated by a dry-pressing method of (a) natural
logarithm of the integrated relative Raman 𝑣𝑂𝐷 intensity as a function of time of exposure
to an atmosphere of Ar-3% H2O and (b) Ln(k) vs 1/T for D/H isotope exchange reactions
on the oxides’ surface in nanocrystalline BCZYYb.
Table 5.1 displays a summary of H/D and D/H isotope exchange coefficients (k) in
nanocrystalline BCZYYb membrane in the temperature range of 100-300 °C. The surface
exchange coefficients in D/H exchange (Ar-3% D2O to Ar-3% H2O) is larger than that in
the H/D exchange process (Ar-3% H2O to Ar-3% D2O), which could be explained by a
one-way diffusion model of subsequent reactions; dissociative absorption of water
molecules at the surface, hydrogen diffusion and hydrogen release due to bulk
recombination of mixed molecule formation and the subsequent trapping of hydrogen in
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the vacant sites. This suggests that diffusion or dissociative absorption contributes to the
major difference of hydrogen exchange100.
Table 5.1 Comparison of H/D and D/H isotope exchange coefficients k in nanocrystalline
BCZYYb membrane at different temperatures by in-situ Raman spectroscopy.
H/D exchange

D/H exchange

k ( E-4 s-1)

T(°C)

k (E-4 s-1)

100

1.07

100

1.09

150

1.37

150

1.99

200

1.52

200

2.41

250

1.80

250

2.93

300

2.29

300

4.13

T(°C)

To better present the advantages of nanocrystalline BCZYYb membrane for proton
conduction at low temperatures. Proton transport properties were also studied in
conventional BCZYYb membranes, which were prepared by a two-step sintering method
as described. Figure 5.6 shows the morphology of conventional BCZYYb membrane. The
relative density is more than 90% and its grain size is around 500 nm, which is much larger
than the nanoscale BCZYYb membrane, representing a good example for the comparison
of proton transport properties with nanocrystalline BCZYYb.
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Figure 5.6. Morphology of dense BCZYYb membrane by a two-step sintering method.

Figure 5.7. Raman spectra of conventional BCZYYb membrane fabricated by a two-step
sintering.
The Raman spectra of dense BCZYYb membrane is shown on Figure 5.7. The
doublets around 350 cm-1 (𝜈1 , 𝜈2 ) and the broad peak around 650 cm-1 (𝜈4 ) are associated
with the stretching modes between B-site cations (Ce, Zr, Y or Yb), and the peak around
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430 cm-1 (𝜈3 ) is related to the symmetrical radial breathing of the oxygen surrounding the
B-site cation112,113.

Figure 5.8 a) BCZYYb membrane fabricated by a two-step sintering method of (a)
Temporal evolution of Raman spectra of after switching the atmosphere from Ar-3%H2O
to Ar-3% D2O at 400 ºC and (b) natural logarithm of the integrated relative Raman 𝑣𝑂𝐻
intensity as a function of time of exposure to an atmosphere of Ar-3% D2O.
Surface exchange coefficients or proton mobilities were also measured on the
conventional BCZYYb membrane using in-situ Raman spectroscopy during the hydrogen
isotope exchange reactions in the temperature range of 400 to 600 °C to match the
working temperature of well-studied PCFCs. The representative temporal evolution of
Raman spectra was acquired after changing the atmosphere from Ar-3% H2O to Ar-3%
D2O at 400 °C, as shown on Figure 5.8a. Similar behaviors observed on conventional
BCZYYb membrane with the previously described nanocrystalline BCZYYb membrane.
The intensity of 𝜈𝑂𝐻 broad band at ⁓ 3500 cm-1 started to decrease, and the intensity of
𝜈𝑂𝐷 broad band at ⁓ 2500 cm-1 started to increase once changing the atmosphere from
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H2O to D2O. The resulting integrated intensity as a function of time is shown on Figure
5.8b at different temperatures. The calculated surface exchange coefficients were 2.06 E4 s-1, 1.50 E-4 s-1, 1.32 E-4 s-1, 1.06 E-4 s-1, and 8.35 E-4 s-1 at 600, 550, 500, 450 and
400 °C, respectively.
Table 5.2 Comparison of H/D isotope exchange coefficients k in nanocrystalline and
conventional BCZYYb membranes at different temperatures by in-situ Raman
spectroscopy.
Nanocrystalline

Conventional

k (E-4 s-1)

T(°C)

k (E-4 s-1)

100

1.07

400

0.84

150

1.37

450

1.06

200

1.52

500

1.32

250

1.80

550

1.50

300

2.29

600

2.06

T(°C)

Table 5.2 displays a summary of H/D isotope exchange coefficients (k) in the
respective nanocrystalline and conventional BCZYYb membranes. In the designed
membrane system, the surface exchange coefficients in the 100-300 ºC temperature range
are comparable or even higher than that in the conventional BCZYYb membrane at a
higher temperature range (400-600 ºC). This result indicates that greater grain boundary
interfacial area in nanocrystalline samples result in quicker surface exchange rates and
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concomitant faster proton mobility at the interface in nanoscale perovskite materials as
compared with “bulk transport” in conventional BCZYYb membranes with large grain
sizes.
More specifically, at 300 °C, the surface exchange coefficient in nanocrystalline
BCZYYb is nearly 4 times higher than that in the conventional BCZYYb membrane, which
is mainly attributed to the “interfacial effect” or the presence of increased grain boundary
and surface area in nanocrystalline membranes. In addition, the activation energy is much
lower in nanocrystalline BCZYYb membrane, suggesting a lower energy barrier for
isotope exchange or proton transport in hydrated layers than in the bulk material, as shown
on Figure 5.9.

Figure 5.9. Ln(k) vs 1/T for H/D isotope exchange reactions on the oxides’ surface in
nanocrystalline and conventional BCZYYb.
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Figure 5.10. Thermogravimetric (TG) curves recorded for dense BCZYYb membrane
prepared by a two-step sintering and nanoscale BCZYYb membrane by a dry-pressing
method. Samples were preliminarily protonated under humidified atmosphere.
Proton concentration is another important factor for proton conduction.
Thermogravimetric (TG) was used to determine the water absorption amount on
nanocrystalline and conventional BCZYYb membranes. Before TG measurements,
protonation process was performed from 600 to 25 °C with 3 wt.% H2O in the lab furnace.
The proton concentration in the bulk phase is derived from typical dopant concentrations
in high-temperature protonic ceramic conductors. For example, 15 mol% yttrium doped
BaZrO3 has a proton concentration of 1021 protons cm-3, which was consistent with the
water absorption amount (0.7 wt.%) in dense BCZYYb as measured in TG. At low
temperatures, the mass loss was originated from the desorption of physical absorbed water
and surface protonic species on the interface. Due to the small surface area in dense
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BCZYYb membrane, there was negligible absorbed water in the interface. The surface area
for conventional BCZYYb is 1.4 m2/g acquired by BET measurements. A much higher
proton concentration was achieved in nanoscale membrane at low temperatures, which was
determined by the surface area and dopant concentration, as shown on Figure 5.10.
The conductivity (σ, S/cm) is related to charge carrier concentration and mobility,
as described in Equation 5.1.
𝜎 = 𝑛𝑞𝜇

Equation 5.1

In the conductivity equation, of which n is carrier density (number of carriers/cm3), q is the
electric charge (C), and μ is the mobility (cm2/Vs), An improved proton mobility and
increased proton concentration were achieved in nanoscale BCZYYb membrane
comparing to the conventional sample, quantitatively suggests a higher proton conductivity
in nanocrystalline BCZYYb as compared to the proton transport in conventional BCZYYb
through bulk transport at low temperatures, which was confirmed by impedance plots of a
single cell, as shown on Figure 5.11. For the impedance plot of a single cell, the intercept
with x-axis is the ohmic resistance of the single cells. Since the electrode materials are
electronic conductor, the ohmic resistance was mainly contributed by the electrolyte.
Lower intercept with x-axis means a higher proton conductivity, and the proton
conductivity near doubled in designed nanocrystalline BCZYYb than that in the
conventional one at 300 °C. In addition, the width of the arc is related to the polarization
resistance, contributed by the gas diffusion, and chemical reactions on the anode and
cathode, which will be discussed detailly in next Chapter.
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Figure 5.11. Nyquist plots of impedance measured at open circuits with a) nanocrystalline
BCZYYb electrolyte and b) conventional BCZYYb electrolyte at 300 °C.
In nanoscale BCZYYb membrane, there is a combined “interfacial effect” and
“bulk effect” for proton transport as demonstrated. From TG curve of nanocrystalline
BCZYYb membrane, the proton content in the interface is nearly 3 times larger than that
in the bulk. If it is assumed that the proton mobility in the bulk materials of nanoscale
BCZYYb is consistent with the dense BCZYYb membrane, the proton mobility in the
interface is 3 times higher than bulk in the nanoscale BCZYYb membrane. Therefore, the
interface proton conductivity is nearly an order higher than the bulk proton conductivity
in nanoscale BCZYYb membrane, which is consistent with the observation in our
Chapter 4.
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Figure 5.12. Proton transport pathways (“interfacial effect” and “bulk effect”) in
nanostructured perovskite-based proton ceramic conductors.
In summary, a new type of proton ceramic conductor was developed with
enhanced proton conduction by increasing more interface areas, in which protons
transport occurred not only in the bulk materials, but also in the absorbed water layers at
the interface, as illustrated on Figure 5.12. Detailly, in the bulk material, proton transport
is a thermally activated hopping process requiring the breaking and forming O-H bond. In
the interface, proton transport through “Grotthuss mechanism” or “vehicle mechanism”
in the hydrated water layers. In-situ Raman spectroscopy and electrical conductivity
relaxation (ECR) were used to directly identify the surface exchange coefficients during
hydrogen isotope exchange reactions. The observed surface exchange coefficients and
proton concentration in the designed membrane were much higher than the traditional
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oxidic proton conductors, exhibiting a great promise for the development of next
generation of protonic ceramic conductors through interfacial engineering at the
nanoscale.
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CHAPTER SIX
APPLICATIONS
6.1 Introduction
In previous Chapters, high-performance protonic ceramic conductors were
developed either by using anions as dopants to improve oxygen mobility or interfacial
engineering at the nanoscale to have a combined “interfacial effect” “and bulk effect” for
proton transport. To better display the advantages of these techniques in protonic ceramic
conductors, single cells were built and characterized based on these new protonic ceramic
conduction strategies.
In addition, the anode/electrolyte interface also plays an important role on single
cells’ performance. Many methods have been attempted to fabricate highly porous
electrodes, including tape casting9, and dry pressing method10. The use of starch or
graphite as the pore former in tape casting and dry pressing method typically results in a
random distributed pore structure, which is not friendly to the gas transport and chemical
reactions at the interface. Another promising method is phase inversion process11, which
forms an asymmetrical pore structure, including finger-like layer, skin layer, and sponge
layer. The asymmetrical pore structure is facilitating to the gas transport and chemical
reactions on the anode and anode/electrolyte interface.
However, the typical phase inversion method includes multiple steps of powder
synthesis either by solid state reactions method or wet-chemistry routes to form the
crystalline ceramic powder. Using crystalline powder for the phase inversion process,
which is a time and energy-consuming process. Herein, a one-step phase inversion
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method was proposed to fabricate porous anode substrate. Instead of using crystalline
BCZYYb powder, we directly began with the raw chemicals-oxides and carbonates for
the phase inversion process to form the crystalline BCZYYb and asymmetrical pore
structure at the same time. The formed asymmetrical pore structure displayed great
advantages for the gas diffusion and chemical reactions on the anode/electrolyte
interface.
6.2 Experimental Procedure
Cathode powders: PaBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) and La0.6Sr0.4Co0.2Fe0.8O3-δ
(LSCF) powder were synthesized by the combustion method. Detailly, stoichiometric
amounts of nitrates, Pr(NO3)3, Ba(NO3)2, La(NO3)3, Sr(NO3)2, Co(NO3)3 and Fe(NO3)3
were dissolved in distilled water, then citric acid and ethylenediaminetetraacetic acid
(EDTA) were added to the solutions with the metal/citric acid/EDTA ratio of 1:1:1,
working as the cheating agent to assist the combustion process. The precursor solutions
were heated on an oven to form a gel, followed by calcination at 600 °C for 4 h to
eliminate the organic resides. The calcined PBSCF and LSCF precursors were ball milled
in butanol for 24 h and sintered at 1150 and 800 °C to form the pure phase PBSCF and
LSCF, respectively.
Single cells with anions doped BZY electrolyte: Anode supported single cells
were prepared by a dry pressing method. Detailly, 40 wt.% BaZr0.8Y0.2O3-δ-σFσ (σ=0, 0.1)
+ 60 wt.% NiO anode precursor powder with 20 wt.% starch as the pore former were
mixed together in isopropanol with 3-mm yttria-stabilized zirconia (YSZ) beads for 48h,
followed by drying at 90 °C for 24 h. The anode precursor powder was dry pressed under
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250 MPa for 1 min in circular die with the diameter of 15 mm to produce green anode
pellets. Electrolyte precursor powder was prepared in the same way and then mixed with
binder and dispersant to form electrolyte slurry. The electrolyte slurry was deposited on
each side of the green anode pellets by screen-printing, followed by co-sintering at 1500
°C for 24 h. PBSCF slurry was prepared by mixing the PBSCF powder with organic
binder and dispersant. The as-prepared cathode slurry was printed on the electrolyte side
and sintered at 950 °C for 4h to obtain single cells.
Single cells with nanocrystalline BCZYYb electrolyte: Electrolyte supported single
cells were prepared by a dry pressing method without further sintering. Detailly,
commercial Pt slurry was deposited on the Ni foam by screen printing and desiccated at
100 °C for 20 min, followed by calcination under reducing atmosphere to remove the
organic resides in Pt slurry to form the Ni-Pt composite anode. Commercial
LiNi0.8Co0.15Al0.05O2(LNCA) powder mixed with a dispersant (20 wt% solsperse 28000
dissolved in terpinol) and binder (5 wt% V-006 (Heraeus) dissolved in terpinol) with a ratio
of 15:3:1 to form the LNCA slurry. The LNCA slurry was printed on Ni foam to form the
Ni-LNCA composite cathode. Then Ni-Pt composite anode was placed in stainless die and
BCZYYb powder was evenly dispersed above the composite anode and then Ni-LNCA
composite cathode was placed on the top of BCZYYb powder. Finally, the three-layer
structure were co-pressed under 160 MPa for 2 minutes. For comparison, conventional
electrolyte supported single cells were prepared by printing the LNCA and Pt slurry on the
surface of dense BCZYYb membranes. The dense BCZYYb membranes were fabricated
by a two-step sintering method.
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Figure 6.1. Schematic diagram of the anode supported thin film half-cell preparation
route with a) one-step phase inversion process and b) traditional dry pressing process72
(Modified from K. S. Brinkman, Rational anode design for protonic ceramic fuel cells by
a one-step phase inversion method. J. Power Sources, 2019, 418: 162-166).
Single cells with modified anode structure: The rationally designed anode
supported single cells were fabricated by the one-step phase inversion tape casting
method. In particular, mixed raw materials (MRCs) instead of crystalline BCZYYb
powder were used for the phase inversion process. Stoichiometric amounts of BaCO3,
CeO2, ZrO2, Y2O3, Yb2O3 and NiO were mixed and stirred with polyvinylpyrrolidone
(PVP) as the dispersant and polyethersulfone (PESf) as the binder in N-methyl-2pyrrolidone (NMP) solution in a rolling mill for 24 h. The slurry then casted onto a Mylar
substrate with blade height of 1 cm and transferred into water bath for 12 h for
solidification via the phase inversion process. This was followed by drying the green tape
at room temperature for 12h. Finally, the green tape was punched to pellets with diameter
of 19 mm to obtain the green anode pellets. For comparison, green anode pellets with a
different pore structure were prepared by a dry pressing method as described in previous
section. The BCZYYb electrolyte precursor mixed with binder and dispersant to form the
electrolyte slurry, followed by printing the electrolyte slurry on the skin layer side of the

82

phase inverison anode substrate and any side of the dry pressing anode. Finally, the
materials were co-sintered at 1450 °C for 12 h to obtain the half cells, , as illustrated on
Figure 6.1.
LSCF slurry was prepared by mixing the LSCF powder with organic binder and
dispersant. The as-prepared cathode slurry was printed on the electrolyte side and
calcined at 1000 °C for 2h to obtain single cells with phase inversion and dry pressing
anode.
The crystalline structure of the samples was using X-ray diffraction (XRD, Rigaku
TTR-III diffractometer) with Cu Kα radiation source in the range of 20°- 80° with a 0.02°
step size and a scan speed of 0.5°/min. The cell morphology was examined using
scanning electron microscopy (SEM, Hitachi S-4800) and transmission electron
microscopy (TEM, JEOL JEM-2100F). The microstructure of the anode/electrolyte
interface with related elements compositions were studied using scanning transmission
electron microscopy (STEM) combined with energy dispersive X-ray spectroscopy
(EDS).
Single cells were sealed in an alumina tube by ceramic bond, and the silver wires
were used as voltage and current leads. The performance of single cells was tested with
the cathode exposed to dry air and the anode exposed to humified (3% H2O) hydrogen.
Electrochemical impedance spectra were obtained using an electrochemical workstation
(Solartron®, SI 1287 + 1260) with an AC amplitude of 10 mV in the frequency range
from 1MHz to 10 mHz. AC impedance plots were fitted by using Zview software
according to the equivalent circuit.
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6.3 Results and Discussions
6.3.1 Single cells with anions doped BZY electrolyte
Figure 6.2 shows the morphology of an anode-supported single cell. The porous
electrodes exhibit good interfacial connection with the electrolyte and the grain size of
PBSCF cathode is around 200 nm. No apparent pores are observed in the electrolyte (50
μm), indicating gas tight BZYF0.1 electrolyte could be achieved at 1500 °C.

Figure 6.2 Microstructure of (a) NiO-BZYF0.1/BZYF0.1/PBSCF single cell and (b)
PBSCF electrode.
Figure 6.3 shows the representative performance of single cells with BZYF0.1 as
electrolyte at different temperatures. The open circuit voltage is around 1.0 V, closing to
the theoretical value (1.1 V), indicating there is no gas leakage in the electrolyte, which is
consistent with the observation in the SEM image. The power density is around 150
mW/cm2 at 700 °C.
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Figure 6.3. Powder density versus current density for single cells with BZYF 0.1 as the
electrolyte.
For comparison, single cells with undoped BZY electrolyte were also prepared
and measured in the same conditions. Figure 6.4a shows the comparison of power density
at 700 °C. The power density increased from 100 mW/cm2 to 150 mW/cm2 after
introducing F- into BZY. To understand the reason for improved single cell performance,
impedances were measured under the working conditions for both single cells, as shown
on Figure 6.4b. Similar polarization resistances in these two single cells, resulting from
the similarity in fabrication process and electrode materials. The only difference is the
ohmic resistance of these two single cells. Single cell with BZYF0.1 had lower ohmic
resistance, resulting from the improved proton conductivity of electrolyte since electrode
materials are electronics conductors. This improvement could be explained by the
improved proton or oxygen mobility in the lattice as discussed in Chapter 3, indicating
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that the anions doping is a promising strategy for the development of new electrolyte
materials.

Figure 6.4. (a) Powder density versus current density for single cells and (b) Nyquist
plots of impedance measured at open circuits with BZYF0.1 and BZY as the electrolyte at
700 °C.
6.3.2 Single cells with nanocrystalline BCZYYb electrolyte
Figure 6.5 displays the SEM micrograph of a single cell with nanocrystalline
BCZYYb electrolyte. The electrolyte is nearly 600 μm and the grain size is below 100
nm. Good interfacial contact was achieved between the electrolyte and electrodes. In
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addition, no open pores are observed in the electrolyte, indicating the nanocrystalline
BCZYYb electrolyte is gas tight even though it was not sintered at high temperatures.

Figure 6.5 Morphology of single cell with nanocrystalline BCZYYb electrolyte by a dry
pressing method.
Figure 6.6 shows the typical power density (P) as a function of the current density
(J) in single cells at 300 °C with nanocrystalline BCZYYb electrolytes. The power density
is around 400 μW/cm2. Moreover, the open circuit voltage is close to the theoretical value
(1.1 V), corresponding to the gas tight membrane identified by SEM and the lack of
electronic leakage during the working conditions.
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Figure 6.6. Power density versus current density for single cells with nanocrystalline
BCZYYb as the electrolyte at 300 °C.

Figure 6.7. Voltage and power density versus current density for single cells with
nanocrystalline BCZYYb and YSZ electrolyte at 300 °C.
Figure 6.7 shows the power density comparison of BCZYYb and YSZ electrolyte
supported single cells at 300 °C. Single cell with a conventional BCZYYb electrolyte
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shows similar performance with reported electrolyte supported single cells at 300 °C.
According to the literature, single cells’ performance can be further improved by
optimizing the electrode materials. For example, the power density increased from 15 to
25 μW/cm2 when the cathode changed from dense Pt to porous silver. A much higher single
cell performance was achieved in the designed nanocrystalline BCZYYb supported single
cell, confirming the potential applications of nanocrystalline BCZYYb as electrolyte
materials in low temperature PCFCs.
Notably, the electrolyte thickness used here is more than 600 μm as observed in the
SEM, which is much thicker than the commonly used electrolyte materials in PCFCs (1020 μm). In addition, from the impedance plot, the electrode polarization resistance is much
larger than the ohmic resistance, as illustrated on Figure 6.8, limiting the single cell
performance at low temperatures.

Figure 6.8. Nyquist plots of impedance measured at open circuits with nanocrystalline
BCZYYb electrolyte at 300 °C.
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Therefore, single cell performance can be further improved by reducing the
thickness of electrolyte and using optimized electrode materials to have comparable
performance with best reported protonic ceramic fuel cells at 300 °C (15 mW/cm 2 using
110 nm yttrium doped barium zirconate as electrolyte)114.
6.3.2 Single cells with designed anode microstructure
Figure 6.9 shows the crystalline structures of the phase inversion and dry pressing
anodes after co-sintering at 1450 °C. The XRD patterns of the rationally designed anode
and traditional anode are similar, indicating the forming process of BCZYYb during the
one-step phase inversion process was nearly the same with the traditional solid-state
reaction sintering method. In addition, no other phases were found to form during the
one-step phase inversion process, which indicates no loss of the metal ions and no
significant interactions during the one-step phase inversion process.

Figure 6.9. XRD patterns of NiO-BCZYYb anode a) one-step phase inversion anode and
b) dry pressing anode.
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Figure 6.10. a) SEM of tri-layered structure rational designed anode, b) single cell with
one-step phase inversion anode, c) single cell with traditional dry pressing anode, d-e)
phase inversion anode after reduction and f) dry pressing anode after reduction.
Figure 6.10a shows the morphology of the resulting phase inversion anode with
an asymmetrical pore structure, including a skin layer, a fingerlike layer, and a sponge
layer. The skin layer adjacent to the dense electrolyte exhibited a fine microstructure with
reduced pore sizes, which could increase the density of the triple-phase boundaries along
electrode/electrolyte interface. Moreover, the large fingerlike pores were vertical to the
electrolyte, which could improve the gas transport process and decrease the concentration
resistance. The sponge layer shows a lower porosity, which could be removed by
polishing before single cell measurements. In comparison, Figure 6.10c shows the
morphology of the tri-layered single cell with dry pressing anode which has randomly
distributed pores. The overall porosity of the phase inversion anode was 55.1%, which
was much larger than the dry pressing anode (32.6%). Notably, gas transport resistance
could be increased due to the pores which are parallel to the electrolyte direction and that
not all pores are connected with each other. Figure 6.10b shows the typical SEM
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micrograph of the tri-layered single cell with one-step phase inversion anode, the dense
electrolyte was nearly 40 μm thick, which indicates a high open voltage for the single
cell. Figure 6.10 d-f shows the phase inversion and dry pressing anode after reducing,
exhibiting a uniform distribution of Ni and BCZYYb grains, without cracks and
providing a uniform distribution of the TPBs in both phase inversion and dry pressing
anode.

Figure 6.11. Cross-sectional STEM images showing structures of electrolyte-anode
interface for a) dry-pressing, and b) phase-inversion samples and HRTEM images of c)
BZCYYb, and d) NiO phases with corresponding electron diffraction patterns shown in
the insets72.
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Figure 6.12. STEM-EDS mapping of a) dry-pressing, and b) phase-inversion samples72.
Figure 6.11 compares the STEM images of the anode/electrolyte interface for
single cells with a one-step phase inversion anode and dry pressing anode. As shown on
the figure, no open pores in the dense electrolyte, and the electrolyte has good interfacial
contact with the anode. A notable difference between the anode/electrolyte interface in
the phase inversion versus the dry pressing anode is the larger NiO grains present at the
interface in the phase inversion anode. After reduction, this should result in increased
triple phase boundaries and be beneficial to the chemical reactions occurring at the
anode/electrolyte interface. The high-resolution TEM (HRTEM) images and
corresponding electron diffraction patterns of the BCZYYb and NiO phases at the
interface are displayed in Figure 6.12.
Figure 6.13 shows the typical cell voltage (V) and power density (P) results as a
function of the current density (J). The open circuit voltage is close to the theoretical
value (1.1V), corresponding to the dense electrolyte in SEM of both cells. The maximum
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power density of the single cell with dry pressing anode was 268, 199, 118 and 58 mW
cm-2 at 700, 650, 600 and 550 °C, respectively, as shown on Figure 6.13b.
The maximum power density nearly doubled by using the phase inversion anode,
especially at lower temperatures, reaching 491, 402, 302 and 200 mW cm-2 at 700, 650,
600 and 550 °C, respectively. It should be noted that the only differences in these
samples are the anode microstructure since these cells were using the same electrolyte,
same cathode, and the same composition of the anode. Therefore, the improvements in
the performance must be attributed to the microstructure modifications in the anode.

Figure 6.13. Voltage and powder density versus current density for single cells with a)
one-step phase inversion anode and b) traditional dry pressing anode72.
To better understand the improvement of the performance, Impedance plots were
obtained at open circuits for single cells with dry pressing and phase inversion anode, as
shown on Figure 6. 14a and Figure 6.14b. The intercept with the x-axis is the ohmic
resistance, resulting from the electrolyte. There is a slight difference of the ohmic
resistance due to minor difference in the thickness of the electrolyte, which is consistent
with the morphology images as shown above. The width of the arc is related to the
polarization resistance, including the anode polarization resistance, and cathode
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polarization resistance. Typically, the high frequency arcs were associated with the
charge transfer reactions and the low frequency arcs were correlated with the gas
transport process in the porous structure. As expected, both the high and low frequency
arcs are decreased in single cells with phase inversion anode. The increased charge
transfer rates are likely due to the finer skin layer with smaller pore size and the reduced
gas transport resistance from the fingerlike pores.
In order to separate anode contribution from the overall electrode polarization
resistance, an equivalent circuit model analysis was employed. The equivalent circuit
model used for the data fitting is displayed in Figure 6.14 c, where Ro is the resistance
from the electrolyte and connection wires. L1 is the inductance, R1-CPE1, R2-CPE2, and
R3-CPE3 are the electrode resistive element corresponding to the high-, mid-, and low
frequency arcs, respectively. According to the high-resolution impedance study for
anode-supported cells, the arcs in the high frequency range is associated with anode
activation polarizations resistance115. As shown on Figure 6.14c, the anode polarization
resistance in the phase inversion anode is much lower than that in the dry pressing anode
in the measured temperature range, indicating the improved single cell performance was
originated from the designed anode microstructure.
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Figure 6.14. Nyquist plots of impedance measured at open circuits with a) one-step phase
inversion anode and b) dry pressing anode, c) equivalent circuit model and d) anode
polarization resistances from Nyquist plots of impedance date of single cells.
A comparison of our cells to the existing literature of PCFCs with LSCF cathodes
indicates that the single cells with phase inversion anode have higher power density than
the corresponding fuel cells with dry pressing anode. For example, the power density in a
single cell with LSCF cathode, and BCZYYb electrolyte is 110 mW/cm 2 at 600 °C116,
which is much lower than the reported performance with phase inversion anode (302
mW/cm2 at 600 °C). The performance of the full cell in this work is slightly lower than
the best reported power density with phase inversion anode due to the difference of the
electrolyte thickness117. If it is assumed that the single cell performance was limited by
the ohmic losses in the electrolyte, our power density could be increased to 430 mW cm-2
by reducing the electrolyte thickness to 14 µm, which is comparable to the highest
reported performance in PCFCs with phase inversion anodes. Notably, the distinguishing
feature of our approach was the use of a one-step phase inversion method starting from
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precursors such as carbonates and oxides, which directly to form the crystalline phase
with the asymmetrical pore structure instead of using the crystalline BCZYYb powder as
employed in related works. This process is a time and energy-saving method, which has
proven beneficial for further development of high-performance PCFCs.
In summary, high-performance protonic ceramic fuel cells were developed based
on the designed protonic ceramic conductors and anode microstructure. For example,
single cell performance was increased from 100 to 150 mW/cm2 at 700 °C after
introducing anions on the oxygen lattice. The enhanced performance was originated from
the improved oxygen mobility. Low temperature protonic fuel cells were designed based
on interfacial engineering, achieving a combined “interfacial effect” and “bulk effect” for
proton transport at low temperatures. The demonstrated single cell performance at 300 °C
indicates that enhanced proton transport properties in contemporary energy conversion
and storage materials can be achieved through interfacial engineering. In addition, onestep phase inversion method was used to modify the anode/electrolyte interface. The
power density increased from 118 to 302 mW/cm2 at 600 °C after using phase inversion
anode. The formed asymmetrical pore provided more active sites for the chemical
reactions on the anode/electrolyte interface and large porosity in the anode decreased the
gas transport resistance.
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CHAPTER SEVEN
SUMMARY
Interface can be defined as the surface forming a common boundary, either as
solid-liquid and solid-gas or internally in solid materials as e.g., grain boundary and
phase boundary. The solid-solid interface is important for the proton transport in bulk
materials. Proton transport in the bulk materials usually includes rotational diffusion of
the protonic defect and proton transfer toward a neighboring oxide ion. However, the
grain boundary typically limits the proton conductivity due to the space charge effect.
The solid-liquid interface determines the proton transport properties in the liquid phase.
Proton transport occurred in the chemisorbed and physiosorbed water layers in the
interface of nanoscale simple oxide system, providing a new pathway for proton transport
at low temperatures.
The blocking effect of grain boundary for proton transport was firstly evaluated in
perovskite membranes, using BZY as an example. The grain boundary conductivity is
typically lower than that in the bulk from 700 to 300 °C, limiting the overall proton
conductivity. A novel strategy based on the anions doping was proposed to modify proton
transport properties. An enhanced proton transport performance was achieved both in the
bulk and grain boundary, and the suggested underlying mechanism is the weakened
chemical bonds between the cations and oxygen ions in the perovskite materials after
introducing the F- into the oxygen lattice. The weakened chemical bonds resulted an
improved oxygen and proton mobility in perovskite membranes, exhibiting a great
promise for the development of a new generation of protonic ceramic conductors.
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Different from the blocking effect of grain boundary in perovskite membranes. In
nanoscale simple oxide systems. The interface can be used as alternative pathway for
proton transport at low temperatures. For nanostructured TiO2 as an example, proton
transport in the chemisorbed and physiosorbed water layers at the interface showed
increased proton concertation and proton mobility, indicating a high protonic
conductivity at low temperatures. In addition, in-situ Raman spectroscopy as a technique
was presented to directly identify the proton transport mechanism by quantifying the
isotope exchange reactions on oxide’s interface.

Figure 7.1. Schematic illustration of the combined “interfacial effect” and “bulk effect”
from perovskite and simple oxide-based protonic ceramic conductors.
Inspiring by the new type of interfacial proton conduction in nanostructured
simple oxides system. A new type of perovskite membrane, nanocrystalline BCZYYb
was developed via a novel strategy to have a combined “interfacial effect” and “bulk
effect” for proton transport, as shown on Figure 7.1. Enhanced proton transport
properties, including proton concentration, proton mobility and proton conductivity were
achieved in the designed system than the conventional one, exhibiting a great promise for
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the development high performance protonic ceramic conductors through interfacial
engineering at the nanoscale.
In addition to the interface engineering in the protonic ceramic conductor. A time
and energy-saving process was developed to modify the anode structure and
anode/electrolyte interface. Instead of using crystalline BCZYYb powder, we began with
the raw chemicals-oxides and carbonates for the phase inversion process to form the
crystalline BCZYYb and asymmetrical pore structure at the same time. The asymmetrical
pore structure includes a skin layer and a finger-like layer. The skin layer with reduced
pore size provided more active sites or the chemical reactions on the anode/electrolyte
interface, and the finger-like layer could reduce the gas transport resistance in the anode.
Finally, protonic ceramic fuel cells were developed and characterized in a wide
temperature range based on the strategy mentioned above, like the anions doping,
interface engineering at the nanoscale, and modified anode structure, indicating highperformance protonic ceramic fuel cells can be designed either by modified interface in
the electrolyte or electrode/electrolyte interface.
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CHAPTER EIGHT
CONCLUSIONS
•

In perovskite-based protonic ceramic conductors, grain boundary conductivity
typically limits the total conductivity.

•

Not only the bulk proton conductivity but also the grain boundary proton
conductivity could be increased by doping F- in the oxygen lattice. Combined
XPS measurement and DFT calculation indicated the suggested underlying
mechanism is the weakened chemical bonds between cations and oxygen ions.

•

The interface in nanostructured simple oxide-based protonic ceramic
conductors can be used as a new pathway for proton transport at low
temperatures. For example, the surface exchange coefficient or the proton
mobility in the interface is 100 times higher than that of the traditional oxidic
proton conductors at room temperature.

•

In situ Raman spectroscopy and electrical relaxation curve (ECR) can be used
as new tools to understand the hydrogen isotope exchange process and proton
transport behaviors. The observed isotope exchange reactions on the interface
suggest a Grotthuss-or “hopping”-type mechanism of proton transport.

•

Nanocrystalline BCZYYb membrane demonstrated a combined “interfacial
effect” and “bulk effect” for proton transport.

•

According to the equivalent circuit model, the asymmetrical pore structure
fabricated by one-step phase inversion anode shows lower anode polarization
resistance than the conventional one.
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